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The cerebral cortex harbours an intricate network of interconnected cell types that 
is essential for sensory perception and cognitive function. The assembly of specific 
synaptic connections in neuronal circuits requires the expression of 
complementary molecular programs in pre and postsynaptic neurons. The tyrosine 
kinase receptor ErbB4 is critical for the wiring of specific types of GABAergic 
interneurons, in which it paradoxically regulates both the formation of perisomatic 
inhibitory synapses as well as the development of excitatory synapses received by 
these cells. Neuregulins, the ligands of ErbB4 receptor, play essential roles during 
brain development and synapse formation, yet their precise function in the wiring 
of cortical circuits during postnatal development remains unclear. Here we 
investigated the logic whereby Nrg1 and Nrg3 expression in pyramidal cells 
mediates ErbB4-dependent functions in cortical synaptic assembly. We found that 
Nrg1 and Nrg3 have segregated functions in the formation of inhibitory and 
excitatory synapses that pyramidal cells receive from or establish onto different 
types of interneurons, respectively. The differential role of Nrg1 and Nrg3 in this 
process is not due to a differential trans-synaptic interaction with ErbB4 through 
their EGF-like domain, but rather to their distinctive subcellular distribution within 
pyramidal cells. Nrg1 is restricted to the perisomatic region of pyramidal cells, 
whereas Nrg3 is precisely targeted to the presynaptic glutamatergic boutons that 
these cells make onto cortical interneurons. Our experiments reveal how the 
regulation of subcellular localisation underlies the function of the neuregulin/ErbB4 
signalling pathway in specific synaptic connections. These findings uncover a 
novel strategy for the assembly of cortical circuits during postnatal development 
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And men (and women) ought to know that from nothing else but from the brain 
come joys, delights, laughter and sports, and sorrows, griefs, despondency, and 
lamentations. And by this, in an especial manner, we acquire wisdom and 
knowledge, and see and hear, and know what are foul and what are fair, what 
are bad and what are good, what are sweet, and what unsavory; some we 
discriminate by habit, and some we perceive by their utility.(…) And by the same 
organ we become mad and delirious, and fears and terrors assail us. (…) All 
these things we endure from the brain, when it is not healthy. 
























Mental health is a pressing matter that occupies an important position in the media 
and political agenda nowadays. The increased incidence of mental disorders and 
the awareness of their impact in our professional and social lives have not been 
accompanied by advances in the diagnosis nor preventive or therapeutic strategies 
in the health service (Arango et al., 2018). Understanding the biological 
underpinnings of brain disorders will have a tremendous impact on our society 
during this century. 
The cerebral cortex plays a privileged role in our sensory perception, 
decision making, social communication, and emotional state. The architecture of 
the cortex, which conforms the outer covering of the brain, is organized by layers 
and columns that support a stereotypical flow of information. The cerebral cortex 
is composed of two main classes of neurons: pyramidal cells—neurons that 
abundantly populate cortical regions, and carry and integrate sensory and 
cognitive information—and interneurons—a minor, but diverse, group of neurons 
that display a high degree of specialisation in connectivity and physiology—(Harris 
and Mrsic-Flogel, 2013). Although the general cellular composition has remained 
relatively constant throughout evolution, the cerebral cortex has experienced an 
outstanding growth in size as well as diversified its genetic programs (Krienen et 
al., 2019; Tosches et al., 2018). As a result, these two neuronal classes show an 
outstanding cellular diversity, which is accompanied by an unparalleled specificity 
in the synaptic connectivity of cortical cell types. 
The high level of sophistication in the wiring of cortical circuits, and the 
emergent network activity implicated in higher cognitive functions, have spurred 
the study of cortical assembly on a field of active research in the past decades 
(Buzsáki, 2010; Fishell and Kepecs, 2019). Furthermore, genetic variants 
associated with psychiatric disorders have been shown to map onto transcriptional 
signatures of developing cortical cell types, suggesting that the development of 
cortical circuits could represent a spatiotemporal window of vulnerability to these 
disorders (Willsey et al., 2013; Satterstrom et al., 2020). The aim of this PhD Thesis 
is to investigate molecular mechanisms regulating the synaptic assembly and 
specificity in the cerebral cortex, using the mouse as a model. The motivation of 
this research is to contribute to our understanding of how cortical cell types employ 
genetic and cellular processes to synaptically integrate into neuronal circuits during 
postnatal brain development. The complex genetic variations that compose the 
genomic architecture of neurodevelopmental disorders such as autism and 




1. Cortical cell types 
 
“The Butterflies of the Soul” 
The first descriptions of cortical neurons date back to the late 19th 
century, from the pioneering work of Santiago Ramón y Cajal where he 
used a tracing method developed by Camilo Golgi. His 
neuroanatomical studies yielded detailed catalogues of neuronal 
diversity in the cerebral cortex. 
 
The nervous system is a highly dense network of several billions of neurons. 
Despite more than a century of neuroscience research since Cajal’s work, the 
question of how many cell types exist in distinct regions of the mammalian nervous 
system is still far from answered. The combination of anatomical, biochemical, and 
electrophysiological approaches in the late 20th century arguably increased our 
knowledge on the classification of major classes of neurons (Somogyi, 1977). 
Different types of neurons with distinct forms and functions could be classified 
based on the expression of biochemical markers. However, the advent of 
sequencing and computational technologies has triggered a rapid rate of discovery 
of new subtypes of neurons based on transcriptomic signatures (Saunders et al., 
2018; Tasic et al., 2018; Zeisel et al., 2015, 2018). Much effort will be needed to 
characterize the anatomical and functional identities of these molecularly distinct 
clusters, and to establish the definition and limits of a cell type. Especially in the 
light of the remarkable plasticity of the brain, neurons can adapt their properties in 
a context-dependent manner (Dehorter et al., 2015), and different cell states could 
be a confounding factor in the quest on cell type taxonomy (Cembrowski and 
Spruston, 2019; Stanley et al., 2019). Altogether, the challenge ahead is to be able 
to provide a definition of a cell type, to understand their plasticity in different 
circumstances, and to establish a limit between cell type and cell state (Zeng and 
Sanes, 2017). 
In this section, I will describe the general properties and main types of 
principal cells and interneurons in the mammalian cerebral cortex, a thin layer that 
covers the outer region of the brain composed of a highly interconnected network 
of intricate and diverse neuronal circuits. The cerebral cortex plays a key role in 




genomic advances have suggested that genetic alterations associated with an 
increased risk of psychiatric disorders may perturb the development of cortical 
circuits, and proposed the convergence of diverse genetic factors on common 
molecular and cellular processes (Dias and Walsh, 2020; Satterstrom et al., 2020). 
Thus, genetic susceptibility to neurodevelopmental disorders underscores the 
importance of understanding the cellular composition of the cerebral cortex. I will 
pay especial attention to connectivity patterns within the cortical circuitry and their 
function in the processing of information.  
 
1.1. Principal cells 
 
Principal cells abundantly populate the cerebral cortex across layers and areas, 
comprising approximately 80% of cortical neurons. Also known as projection 
neurons, they function as glutamatergic, excitatory cells that transmit neural activity 
to downstream targets by releasing the neurotransmitter glutamate, which acts 
through ionotropic and metabotropic receptors and generally depolarizes the 
postsynaptic cell. Most principal cells extend a dendritic shaft up to cortical layer 1, 
where it ramifies into an extensive dendritic arbour, as well as prominent basal 
dendrites; due to this characteristic morphology, they are also named pyramidal 
cells. Their elaborate axonal arborizations enable pyramidal cells to synapse onto 
local and distal targets throughout the cortex and subcortical regions (Han et al., 
2018b). Pyramidal cells divide into two major classes based on their long-range 
projections: intracortical cells and corticofugal cells (Molyneaux et al., 2007). 
Intracortical cells are predominantly located in layers 2/3, and can be divided in 
associative or callosal neurons depending on whether they contact the same or 
the opposite hemisphere, respectively. Corticofugal cells are primarily present in 
lower layers, and can be classified in corticothalamic cells or subcerebral cells. 
Among the latter population, distinct subtypes project their axons to different 
targets below the brain, including the pons nuclei and other nuclei in the brainstem, 
the superior colliculus and the spinal cord. 
How does the cortex integrate information from our senses to guide 
behaviour? Once sensory information arrives to the cerebral cortex, pyramidal cells 
play a central role in information processing by receiving and transmitting electrical 
activity across and within layers (Harris and Mrsic-Flogel, 2013) (Figure 1). Layer 




association inputs from higher-order cortical areas mainly arrive to L1, L5 and L6 
(Fame et al., 2011; Meyer et al., 2010). L4 neurons, which comprise two distinct 
morphological classes, pyramidal cells and spiny stellate cells, innervate all layers 
of the cortex, although their major efferent output of the sensory information is L2/3 
(Feldmeyer et al., 2002; Feldmeyer et al., 2005; Lübke et al., 2000; Lübke et al., 
2003; Staiger et al., 2004). These superficial layers neurons send their axon 
terminals to L5 locally as well as to contralateral and higher-order cortices, and 
have an important role in lateral inhibition (Adesnik and Scanziani, 2010; 
Feldmeyer et al., 2006). Being the main output layer of the cortex, L5 contains two 
broad populations of pyramidal cells with distinct molecular and physiological 
determinants (Economo et al., 2018). Intratelencephalic neurons, typically found in 
superficial L5, project to L2/3 as well as distal regions of the contralateral cortex 
and striatum. Subcerebral neurons, with larger dendritic arborizations and present 
in deep L5, send projections to subcerebral motor centres, higher-order thalamus, 
and striatum (Markram et al., 1997; Sohur et al., 2014). Finally, L6 pyramidal cells 
include corticocortical cells and corticothalamic cells, which also send collaterals 
to L4 and can have a modulatory, hyperpolarizing effect mediated by metabotropic 
glutamate receptors (Lee and Sherman, 2009), hence a function in gain control 
(Olsen et al., 2012). 
Specific features of the environment and internal brain states are encoded 
in the firing patterns of cortical cells. A hierarchical, spatial organization in the 
cortex endows this feature selectivity of pyramidal cells to be restricted to distinct 
areas, and the coding strategies can differ between layers (Sakata and Harris, 
2009). For instance, in the visual cortex, direction- and orientation-selective cells 
were discovered when electrophysiological recordings showed that certain 
neurons fire best when presented with a visual stimuli moving in a particular 
direction or orientation, respectively (Hubel and Wiesel, 1962). In the entorhinal 
cortex, a component of the medial temporal lobe memory system and the main 
gateway between hippocampus and neocortex, a wide diversity of neurons have 
been found to encode information such as space, speed, and time (Hafting et al., 
2005; Kropff et al., 2015; Solstad et al., 2008). In the prefrontal cortex, molecularly 
and anatomically distinct cell types of pyramidal neurons are activated by 
appetitive or aversive experiences (Ye et al., 2016). Thus, pyramidal cell types 
arranged in different cortical areas of different sensory and association modalities 






Figure 1 | Cellular composition and organisation of the cerebral cortex. 
Diagram illustrating the connectivity and distribution of distinct types of pyramidal cells 
and interneurons in the mammalian cerebral cortex. Abbreviations: CCK, cholecystokinin; 
CR, calretinin; CThPN, corticothalamic projection neuron; ITN, intratelencephalic neuron; 
PC, pyramidal cell; PV, parvalbumin; SSC, spiny stellate cells; SST, somatostatin; VIP, 





Although single neurons encode specific information, cortical activity is 
dominated by groups of neurons that are simultaneously active to create a 
coherent picture of the world (Cossart et al., 2003; Miller et al., 2014; Yuste et al., 
1992). These groups of neurons that are coactive in a synchronous manner have 
been termed neuronal ensembles, and represent an emergent property of cortical 
circuits for the implementation of neural computations and the execution of 
behaviour. Interestingly, the organization of connectivity in the cortex follows a 
rather simple rule: neurons that are co-active in vivo to process similar information 
are more likely to be synaptically connected together (Cossell et al., 2015; Ko et 
al., 2011, 2013). Therefore, although single neurons can participate in multiple 
ensembles, these findings argue against a promiscuous connectivity of the cortex 
at the cellular level. Indeed, the precise stimulation of specific neurons within an 
ensemble via holographic optical methods has been shown to reproduce the 
behaviour in which that particular ensemble is active naturally (Carrillo-Reid et al., 
2019; Jennings et al., 2019). However, we are still far from fully understanding how 
the cortex computes information to instruct behaviour. In this context, brain-wide 
optical and electrophysiological approaches promise to provide a better picture of 
how cortical activity dynamics relates with other brain regions to guide behaviour 
(Allen et al., 2017, 2019). 
Transcriptomic studies have revealed an unprecedented diversity among 
pyramidal cell types, providing a vast catalogue of subtypes that expands the 
general types classified according to long-range connectivity and laminar allocation 
(Zeng and Sanes, 2017). Up to 56 molecularly distinct clusters of pyramidal cells 
were identified in a comparative study between two cortical areas, primary visual 
cortex and anterior lateral motor cortex, where most of these cell types were 
exclusive to one of the two areas (Tasic et al., 2018). Altogether, compared to their 
counterparts in the cortex (i.e., interneurons), pyramidal cells seem to have diver-
sified to a greater extent during evolution and across cortical areas. Furthermore, 
new tracing methodologies have started to unravel the logic of the vast diversity of 
axonal projections of cortical pyramidal cells, indicating that neurons often target 
multiple cortical areas and, consequently, intracortical information transfer might 
concurrently follow distinct functional pathways (Han et al., 2018b). In the local 
circuitry, the innervation of pyramidal cells by interneurons is subject of an exquisite 
degree of specificity through precise connectivity patterns (Anastasiades et al., 
2018; Hilscher et al., 2017; Lee et al., 2014; Lu et al., 2017), which suggests that 






Interneurons comprise a relatively small population of cortical cells, accounting for 
approximately 20% of cortical neurons. Interneurons normally establish synaptic 
connections in their vicinity forming local circuits, hence their name, and use 
gamma-aminobutyric acid (GABA) as main neurotransmitter, which acts through 
ionotropic receptor channels that are permeable to anions, namely chloride (Cl-). 
Usually inhibitory in nature, interneurons shunt the firing of action potentials in the 
postsynaptic cell by means of GABAergic neurotransmission that evokes 
hyperpolarizing currents. Therefore, the major role of these cells lies in exerting an 
extremely accurate spatial and temporal control over the activity of pyramidal cells 
(Kepecs and Fishell, 2014; Klausberger and Somogyi, 2008). As an exemption to 
this rule, and under certain circumstances, particular subtypes of interneurons can 
produce depolarizing, excitatory postsynaptic responses, which is believed to be 
important during developmental windows for the homeostasis of cortical circuits 
(Ben-Ari, 2002; Pan-Vazquez et al., 2018). Indeed, the developmental assembly 
of pyramidal cells and interneurons relies on a tight relationship to maintain the 
proper relative numbers of these cortical neurons that is crucial for the correct 
balance of excitatory-inhibitory networks in the developing cortex (Lodato et al., 
2011; Wong et al., 2018). 
The diversity of cortical interneurons is astonishing. The first thorough 
characterizations of interneuron types date back to the 1980’s and 90’s (Parra et 
al., 1998). Despite representing a small population of cells in the brain, much effort 
has been required to define their anatomical and physiological properties and to 
reach an agreement for their nomenclature by the expert community (Ascoli et al., 
2008; DeFelipe et al., 2013). Transcriptomic studies are transforming our 
understanding of interneuron diversity. A recent report has identified 61 
interneuron subtypes, and, contrary to pyramidal cells, most of these molecularly-
defined cell clusters are shared between different cortical areas (Tasic et al., 2018). 
These data could suggest that interneuron subtypes function as invariable 
elements in circuit motifs. Moreover, the conservation of transcriptomic signatures 
of GABAergic interneurons across species indicates that the main cortical 
interneuron types already existed in the common ancestor of all amniotes (Tosches 
et al., 2018). This appears to be strikingly different to the evolution of striatum, 




primates, including humans (Krienen et al., 2019). But, why is this huge diversity 
of cell types necessary since interneurons represent such a small proportion of 
cortical neurons? A plausible explanation could lie on the division of labour of 
interneurons at spatial and temporal scales (Kepecs and Fishell, 2014). First, 
interneuron types are able to selectively make synaptic contacts onto specific 
cellular targets and subcellular compartments. Second, different types of 
interneurons appear to be active at distinct behavioural timescales, and by 
coordinating pyramidal cell firing at different oscillation frequencies, may enable 
rich and rapid dynamics in cortical network activity (Buzsáki, 2002; Buzsáki and 
Wang, 2012; Kvitsiani et al., 2013). Overall, these findings have led to the notion 
that interneurons form a diversified team of specialists for orchestrating cortical 
activity (Fishell and Kepecs, 2019; Klausberger and Somogyi, 2008). 
The combination of biochemical, anatomical, physiological and behavioural 
studies has proved instrumental to identify the properties of interneuron types. 
Currently, the majority of cortical interneurons can be reliably labelled and 
classified into three major classes based on the expression of biochemical 
markers: parvalbumin, somatostatin, and the serotonin receptor 3A (Lim et al., 
2018a). Importantly, these interneuron populations have distinct developmental 
origins, and their molecular differences reflect the physiological and wiring 
characteristics that can be found in the adult cortex (Batista-Brito and Fishell, 2009; 
Butt et al., 2005; Jiang et al., 2015; Pfeffer et al., 2013) (Figure 2). 
The most abundant interneuron population (40%) is characterised by the 
expression of parvalbumin (PV), exert a powerful control over the firing rate of 
pyramidal cells due to their perisomatic targeting, and can be broadly grouped into 
three cell classes according to their morphology. First, PV-expressing (PV+) basket 
cells form large and dense axonal arbours to specifically innervate the soma and 
proximal dendrites of pyramidal cells and, to a lesser extent, of other interneuron 
populations, thus creating the characteristic basket-like structures of their axon 
terminals observed in immunohistochemical experiments (Buhl et al., 1995; Hu et 
al., 2014; Kisvarday et al., 1987). In L4, PV+ basket cells are the main interneuron 
target of thalamocortical axons (Bagnall et al., 2011; Lien and Scanziani, 2018), 
and engage in feedforward inhibition motifs, contributing to important circuit 
computations such as temporal coincidence detection (Gabernet et al., 2005). In 
L2/3, they receive most excitatory inputs from neighbouring pyramidal cells as well 
as glutamatergic axons from L4, and play key roles in lateral competition and 




Importantly, PV+ cells appear to be highly plastic at the molecular and cellular 
levels, a property that endows this interneuron population with the ability to 
regulate learning (Dehorter et al., 2015; Donato et al., 2013, 2015; Favuzzi et al., 
2017). Second, perhaps the most emblematic morphological type of interneurons 
is the axo-axonic cell, which makes synaptic contacts onto the axon initial segment 
(AIS) of pyramidal cells, and, given its extensive axonal arbours in the form of 
cartridges with presynaptic boutons, it is also known as chandelier cell (Somogyi, 
1977; Somogyi et al., 1985). Chandelier cells are particularly abundant at the 
border of L1 and L2 as well as in L6 (Taniguchi et al., 2013; Tasic et al., 2018). A 
fraction of chandelier cells express PV and, together with PV+ basket cells, 
constitute the population of fast-spiking interneurons given their non-accomodating 
firing pattern. The fast dynamics of PV+ cell spiking activity and the perisomatic 
innervation that they exert onto pyramidal neurons allow them to rapidly coordinate 
and synchronise the activity of neuronal ensembles, therefore supporting gamma-
band (25-100 Hz) oscillations in cortical networks (Cardin et al., 2009; Sohal et al., 
2009). The strong effect of PV+ interneurons on cortical activity seems to be crucial 
for gain control of sensory processing (Lee et al., 2012; Wilson et al., 2012). 
Although the behavioural correlates of chandelier cells remain enigmatic to date, 
recent studies have shown that they can selectively innervate distinct pyramidal 
cell types, arguing for a role in information processing in specific cortical circuits 
(Lu et al., 2017; Viney et al., 2013). Moreover, chandelier cells may play essential 
roles in the homeostasis of neuronal networks during postnatal development (Pan-
Vazquez et al., 2018). A third morphologically distinct class of PV+ fast-spiking 
cells are translaminar PV+ interneurons that are particularly abundant in deeper 
layers of the cerebral cortex. Importantly, translaminar fast-spiking interneurons 
located in L6 and recruited by corticothalamic L6 pyramidal cells, are able to 
modulate sensory responses throughout all cortical layers (Bortone et al., 2014). 
A second subclass of interneurons is characterised by the expression of 
the neuropeptide somatostatin (SST). It represents 30% of all cortical inhibitory 
neurons, and stereotypically target the distal dendrites of pyramidal cells to gate 
the dendritic integration of synaptic inputs (Kisvarday et al., 1987; Murayama et al., 
2009; Somogyi et al., 1984). A great diversity of physiological and anatomical 
properties has been reported for SST+ interneuron types (Ma et al., 2006; McGarry 
et al., 2010), which can be generally divided into two classes based on their axonal 
morphology: Martinotti cells and non-Martinotti cells. Martinotti cells send 




dendrites, and display diverse discharge responses, including accommodating 
(regular) spiking firing as well as non-accomodating (quasi-fast spiking) and 
irregular spiking responses (Ma et al., 2006; Wang et al., 2004). Martinotti cells are 
particularly enriched in L5 where they mediate disynaptic inhibition, and several 
subtypes with distinct connectivity and physiological characteristics have been 
described (Nigro et al., 2018; Silberberg and Markram, 2007). L1-targeting 
Martinotti cells can also be found in L2/3 of the cortex, where they frequently co-
express the calcium-binding protein calretinin (CR) (Xu et al., 2006). On the other 
hand, non-Martinotti cells lack ascending axon branches reaching L1, are 
abundant in L4 and L5, and extensively spread their axonal arbours within L4, 
suggesting a powerful control over thalamic sensory information (Nigro et al., 
2018). Indeed, non-Martinotti cells located in L4 preferentially target neighbouring 
fast-spiking interneurons and, consequently, disinhibit L4 thalamorecipient 
pyramidal cells, increasing their firing rate in active cortical networks (Xu et al., 
2013). In sensory processing, SST+ interneurons, whose recruitment increases in 
a supralinear fashion in response to pyramidal cell activity, are preferentially 
excited by horizontal cortical axons and, thus, contribute to a circuit computation 
for surround suppression of pyramidal cells (Adesnik et al., 2012; Kapfer et al., 
2007). Interestingly, PV+ soma-targeting cells and SST+ dendrite-targeting cells 
exhibit distinct behavioural correlates, as they are active with temporal specificity 
in different epochs of a reward-related decision-making task (Kvitsiani et al., 2013). 
This suggests that interneuron diversity in the cerebral cortex might underlie a 
specialised regulation of the flow of information in cortical circuits. Finally, long-
range GABAergic projection neurons constitute a relatively rare and poorly 
characterised class of SST-expressing cells in the cerebral cortex, seem to be 
more abundant in deeper cortical layers, and  frequently co-express nitric oxide 
synthase (NOS), neuropeptide Y (NPY), and chondrolectin (Chodl) (He et al., 
2016; Tasic et al., 2018). NOS+ cells projecting to a wide variety of brain regions 
are active during sleep, and their activation is modulated by both substance P and 
cholinergic inputs (Dittrich et al., 2012; Gerashchenko et al., 2008; Kilduff et al., 
2011; Williams et al., 2018). Moreover, long-range projection SST+ neurons in the 
auditory cortex have a direct inhibitory effect on amygdala pyramidal cells, and 
might play a role in fear behaviour driven by auditory cues (Bertero et al., 2019). 
The serotonin receptor 3A (Htr3a)-expressing interneurons account for 
30% of the total GABAergic population, and in superficial layers of the cortex (L1-




et al., 2010). Importantly, a great heterogeneity of electrophysiological and 
morphological cell types has been reported among Htr3a+ interneurons (Lee et al., 
2010a; Miyoshi et al., 2010). Vasoactive intestinal peptide (VIP)-expressing cells 
represent approximately a third of Htr3a+ interneurons. VIP+ interneurons with 
bipolar or double-bouquet morphology that frequently show irregular spiking 
pattern and co-express CR (He et al., 2016; Lee et al., 2010a). Conversely to other 
interneuron populations, VIP+/CR+ cells are the prototypical type of interneuron-
selective interneurons because they synapse onto other interneurons (Acsády et 
al., 1996). They are primarily found in L2/3 of the cortex, and normally target SST+ 
cells or, to a lesser extent, PV+ cells (Dávid et al., 2007; Prönneke et al., 2015; 
Walker et al., 2016). Due to their inhibitory nature, this peculiar connectivity results 
in disinhibitory circuits, causing a reduction in the firing rate of pyramidal cells upon 
activation of VIP+ interneurons and playing important roles in learning and 
plasticity (Donato et al., 2013; Fu et al., 2015; Garcia-Junco-Clemente et al., 2017; 
Lee et al., 2013; Pi et al., 2013). A distinct group of VIP+ interneurons co-expresses 
cholecystokinin (CCK), have multipolar morphology, and represent a soma-
targeting basket cell population that is particularly enriched in superficial locations 
of L2, close to the border with L1 (He et al., 2016). In addition, a related type of 
CCK+ basket cells with larger soma sizes lacks the expression of VIP, and are 
preferentially found in L5 and L6 (He et al., 2016). Importantly, the somatic boutons 
that CCK+ basket cells make onto pyramidal cells and other interneurons can be 
specifically labelled with synaptic markers such as the endocannabinoid receptor 
CB1R or the vesicular glutamate transporter VGlut3 (Freund et al., 1986; Nunzi et 
al., 1985; Omiya et al., 2015; Somogyi et al., 2004; Zhou et al., 2017). CCK+ 
multipolar, basket cells exhibit diverse electrophysiological patterns, from irregular 
spiking to bursting non-adapting and late spiking (He et al., 2016; Lee et al., 
2010a). The temporal activation and potential role of CCK+ cells in network 
function and behaviour has remained obscure, although new genetic labelling 
strategies are certainly paving the way to address these questions (Del Pino et al., 
2017; Dimidschstein et al., 2016; Whissell et al., 2015). A second group of Htr3a+ 
interneurons, almost non-overlapping with VIP+ cells, is mainly found in superficial 
layers of the cortex and is characterised by the expression of Reelin (Lee et al., 
2010a; Rudy et al., 2011; Schuman et al., 2018). The most abundant Reelin+ 
interneuron type in L1 is composed by neurogliaform cells, which also co-express 
the neuron-derived neurotrophic factor (NDNF), poses dense and elongated 
axonal arborizations confined to L1 and exhibit late firing patterns (Jiang et al., 




the expression of NPY (Lee et al., 2010a). A unique feature of neurogliaform cells 
is that they can elicit long-lasting inhibitory postsynaptic potentials (IPSPs) on 
pyramidal cells and other interneurons through the combined activation of slow 
GABAA and GABAB receptors (Oláh et al., 2007; Tamás et al., 2003). In addition, 
neurogliaform cells do not require to form classical synaptic contacts in their axonal 
terminals; they release enough GABA by volume transmission to produce 
hyperpolarizing responses in a large proportion of nearby neurons (Oláh et al., 
2009). A transcriptionally-related, Reelin+ interneuron type abundant in L1 are 
single-bouquet cells, which often send axon terminals to deeper layers of the cortex 
(Jiang et al., 2015; Tasic et al., 2018). Two other Htr3a+ cell types comprise 
multipolar cells particularly abundant in the border between L1 and L2, and Meis2+ 
interstitial cells that reside in the white matter and send axons to deeper layers of 
the cortex and the striatum (von Engelhardt et al., 2011; Frazer et al., 2017). 
Although the functional significance of the multiple types of Htr3a+ interneurons is 
still enigmatic, several studies have suggested key roles in sensory processing and 
learning during postnatal development in spite of their relatively low abundance 
compared to other neuronal cell populations (Batista-Brito et al., 2017; Che et al., 
2018; Del Pino et al., 2017). 
 
In conclusion, the recent years have witnessed an explosion in the development of 
high-throughput technologies that have allowed the rapid characterisation of new 
cortical cell types. These exciting findings have led to a deeper knowledge on the 
cellular composition of the cerebral cortex. As a consequence, it has now become 
evident that our mechanistic understanding of the cerebral cortex has experienced 
less progress in two other research avenues: how and when cortical cell types are 
specified during brain development, and what molecular principles govern the 




2. Developmental specification of cortical circuits 
 
“The epigenetic landscape” 
The ideas proposed by Conrad Hal Waddington have had a major 
impact in developmental biology. His influential model named the 
‘epigenetic landscape’ describes the choices that cells make along 
developmental pathways and how genes would influence this decision-
making process. 
 
Conrad Hal Waddington trained in a multitude of disciplines, including 
palaeontology, philosophy, embryology, developmental biology, and genetics, 
which had a great contribution in the originality of his theories on development. His 
master work was inspirational for embryologists and developmental biologists in 
the second half of the 20th century. His conceptualization of development is best 
captured in his book ‘The strategy of the Genes’: “In a canalysed system [...], 
trajectories starting from any point within a certain volume will converge to a single 
end point which is the corresponding steady state, while trajectories starting within 
some other volume will converge on a different point.” (Waddington, 1957). Not 
surprisingly, modern models of cortical development have been inspired by 
Waddington’s ideas. Recently, an “attractor” model has been proposed for the 
specification of interneuron types in the cerebral cortex (Fishell and Kepecs, 2019). 
Fishell and Kepecs argue that gene regulatory networks are shaped by codes of 
transcription factors to produce attractor states that will specify the developmental 
trajectory followed by different cell types. On top of genetic mechanisms specifying 
the cardinal classes of interneurons, a variety of external cues will define and adjust 
the neuronal properties acquired towards the stage of integration into cortical 
circuits. 
In the next section, I will describe the mechanisms that guide the course by 
which cortical cell types acquire their cardinal and definitive state during embryonic 
and postnatal development. I will divide these processes in genetic and extrinsic 
strategies utilised for the specification and refinement of the neuronal properties 





2.1. Genetic specification 
 
At embryonic stages, the expression of distinct sets of genes pattern the 
developing brain into a highly organised structure. The spatially defined expression 
of morphogens contributes to subdividing functionally distinct domains in the 
forebrain across the rostro-caudal, medio-lateral and dorso-ventral axes (Rogers 
and Schier, 2011; Rubenstein et al., 1994; Marín and Rubenstein, 2001). 
Segmentation of cell lineage-restricted compartments is regulated by the 
expression of transcription factors such as Hox genes (Kiecker and Lumsden, 
2005). Later, over the course of embryonic development, combinatorial and 
sequential action of transcription factors—including genes from the families Dlx, 
Nkx, and Sox—determines the developmental pathways that progenitors and early 
postmitotic neurons take to acquire their fate (Figure 2) (Custo Greig et al., 2013; 
Lodato and Arlotta, 2015). Thus, gene regulatory networks play crucial roles in 
cortical cell type specification (Fishell and Kepecs, 2019; Molyneaux et al., 2007). 
Pyramidal cell progenitors are located in the ventricular and subventricular 
zones (VZ and SVZ, respectively) of the embryonic pallium and, after cell cycle 
exit, undergo radial migration to populate the cerebral cortex in an inside-out 
manner. Several transcriptomic studies have identified specific master regulators 
necessary for the specification of distinct projection neuron subtypes (Arlotta et al., 
2005; Molyneaux et al., 2009). For instance, Sox5 regulates the differentiation of 
corticofugal neuron subtypes (Lai et al., 2008), Fezf2 is required for the regulation 
of genetic programs that define corticospinal motor neurons (Lodato et al., 2014; 
Molyneaux et al., 2005), and Ctip1 controls the specification of callosal and 
corticothalamic projection neurons (Woodworth et al., 2016). These findings 
indicate that the specification of projection neuron subtypes is determined by 
transcription factors during embryonic development. Notably, the fact that a single 
cell type can express multiple transcription factors and that the same transcription 
factor can be expressed by several cell types strongly supports that a combinatorial 
transcriptional code is required for the specification of pyramidal cells (Molyneaux 
et al., 2007) (Figure 2). Interestingly, the different codes of transcription factors are 
thought to be instrumental for the cell type-specific transcriptional dynamics during 
later embryonic stages and early postnatal development, in which specific 
projection neuron subtypes display distinct programs of axon guidance and cell 
adhesion molecules (Molyneaux et al., 2015). Remarkably, recent studies have 




the expression of specific transcription factors (Lodato et al., 2015; Rouaux and 
Arlotta, 2010, 2013). Altogether, these findings suggest that different gene 
Figure 2 | Developmental specification of cortical cell types. 
(A) Drawing of the embryonic brain showing neurogenic regions of pyramidal cell and 
interneuron progenitor: ventricular and subventricular zones in the pallium (purple), 
caudal ganglionic eminence (CGE) (green), medial ganglionic eminence (MGE) (red), 
and preoptic area (POA) and preopto-hypothalamic area (POH) (light blue). (B) 
Schematics of the combinatorial code of transcription factors that direct the fate 
specification of pyramidal neurons during embryonic development. (C) Schematics of the 
transcriptional logic for interneuron subtype specification in different regions of the 
subpallium, and how distinct developmental origins determine the morphological, 
biochemical, and electrophysiological properties of mature interneurons. The question 
marks indicate a yet unclear developmental origin for those interneuron types. Other 
abbreviations: NCx, neocortex; CPN, callosal projection neuron; CFuPN, corticofugal 
projection neuron; CBuPN, corticobulbar projection neuron; CSMN, corticospinal motor 
neuron; CThPN, corticothalamic projection neuron; VIP, vasoactive intestinal peptide, 





regulatory networks involved in subtype specification are orchestrated by 
transcription factors and are cell type-specific in cortical pyramidal cells. 
In the adult mammalian cerebral cortex, the diversity of pyramidal cell types 
across layers and regions seems to reflect a profound heterogeneity in cellular and 
molecular properties. For instance, a recent study has reported distinct anatomical, 
physiological and molecular properties of L3 pyramidal cells in primate association 
cortices (González-Burgos et al., 2019), and recent transcriptomic analysis have 
captured a great divergence of pyramidal cell types in motor and visual cortices of 
the mouse brain (Tasic et al., 2018). How the cellular heterogeneity of pyramidal 
cells emerges during development, and whether the mechanisms of genetic 
specification described above shape their properties in the adult cerebral cortex 
remain fundamental, unanswered questions in neuroscience. Future research 
addressing these questions will undoubtedly pave the way to understand the 
specificity in wiring and function of pyramidal cells in cortical circuits. 
As opposed to pyramidal cells, cortical interneurons are born in the 
subpallium, in the medial, and caudal ganglionic eminences (MGE and CGE, 
respectively) as well as in the embryonic anlage of the preoptic region, and migrate 
tangentially to arrive to the cortex (Anderson et al., 1997, 2001; Corbin et al., 2001; 
Marín and Rubenstein, 2001). More than a decade ago, initial gene expression 
analysis in the ganglionic eminences and the preoptic region showed that 
interneuron progenitors are organised in distinct spatial domains according to the 
expression of combinatorial codes of transcription factors (Batista-Brito et al., 
2008; Flames et al., 2007). The recent development of single-cell RNA sequencing 
technologies has allowed to analyse the genome-wide transcriptional profiles of 
cortical developing interneurons, and, surprisingly, these studies showed that, to 
some degree, cortical interneuron diversity is already apparent during early 
embryonic development (Mayer et al., 2018; Mi et al., 2018). Therefore, it has been 
hypothesised that transcription factors dictate the nature and dynamics of gene 
regulatory networks that specify interneuron cardinal classes. Nkx2.1, a gene that 
is essential to pattern the MGE, is the best example of a transcription factor 
involved in the fate of interneuron types; its deletion from progenitor cells prevents 
the generation of PV+ and SST+ interneurons (Anderson et al., 1997; Butt et al., 
2008; Sussel et al., 1999). Other transcription factors expressed postmitotically are 
required for the specification of specific interneuron types: Lhx6, Sox6 and Satb1 
regulate the normal development of PV+ and SST+ interneurons (Azim et al., 2009; 




Prox1, which is expressed by postmitotic CGE-derived cortical interneurons, 
controls the migration, differentiation, and integration of VIP+ and Reelin+ 
interneurons (Miyoshi et al., 2015). Interestingly, late removal of these transcription 
factors tends to have a less severe impact on the differentiation and/or maturation 
of the cells, suggesting that the developmental trajectories, and their underlying 
gene regulatory networks, are more susceptible to perturbations in early embryonic 
stages (Batista-Brito et al., 2009; Miyoshi et al., 2015). For example, postnatal 
deletion of Prox1 affects the proper synaptic integration and local connectivity of 
VIP+ cell types while it has a mild impact on cell density and laminar allocation of 
these interneurons (Stachniak et al., 2020; Vagnoni et al., 2020). Again, this 
supports the hypothesis that cardinal class specification is a result of a coordinated, 
sequential regulation of gene networks directed by transcription factors in 
progenitor and postmitotic neurons. 
 
2.2. Extrinsic refinement 
 
After birth, a long journey awaits postmitotic neurons before arriving and settling to 
their final destination in the cerebral cortex. At this point, it is believed that, to some 
extent, neurons have already committed to a certain cell type, but recent studies 
have shown that these immature neurons, while integrating into the nascent 
cortical circuit, progressively unfold cellular and molecular programmes through 
specific interactions with the environment to develop all their characteristics and 
acquire their definitive state (Fishell and Kepecs, 2019; Lim et al., 2018a). 
Migration entails a long process in which neurons take specific routes while 
are exposed to multiple external cues. A recent study showed that specific 
populations of migrating interneurons preferentially choose the superficial marginal 
zone (MZ) over the subventricular zone, and the choice of migratory route is crucial 
for the definitive acquisition of their axonal morphology and the tuning of adult 
cortical circuit (Lim et al., 2018b). Specifically, Martinotti cells migrate through the 
MZ and, when entering the cortex, leave their nascent trailing processes in MZ, 
which eventually become their translaminar axonal arborisations that innervate L1 
(Lim et al., 2018b). Importantly, Martinotti cells in L2/3 and L5 as well as PV+ 
translaminar cells were seen to preferentially migrate through the MZ, suggesting 
that the coupling of cell migration and axonal targeting might be a general 




already show unique transcriptional programmes during embryonic stages, which 
might empower them with molecular complexes needed to undergo such 
developmental trajectory (Lim et al., 2018b). Besides, region-specific cues could 
presumably be an additional source of external cues to influence the subtype 
specification in different cortical areas (Scala et al., 2019). 
Upon arrival to the cortex, pyramidal neurons and interneurons undergo a 
process of programmed cell death during a defined time window of postnatal 
development (Southwell et al., 2012; Wong et al., 2018). This refinement process 
follows temporally precise and activity-dependent waves of cell death, which seem 
to coordinate the final numbers of neuronal cells in the adult cerebral cortex 
(Denaxa et al., 2018; Priya et al., 2018; Wong et al., 2018). It has been suggested 
that pyramidal cells and interneurons have adopted and evolved this mechanism 
to match their numbers with the neighbouring cellular partners, thus maintaining 
the proper balance of excitation and inhibition in the cortex (Wong et al., 2018). 
Several lines of evidence have demonstrated that neuronal activity and 
sensory experience also has a profound effect on the developmental assembly of 
cortical circuits. First, modulation of pyramidal cell activity remarkably affects the 
survival of MGE-derived interneurons during the second week of postnatal 
development (Wong et al., 2018). Second, neuronal activity selectively regulates 
the morphological development of specific types of interneurons (Babij and De 
Marco Garcia, 2016; De Marco García et al., 2011). Third, perturbation of the 
activity from thalamocortical inputs results in morphological defects in Reelin+ 
neurogliaform interneurons (De Marco García et al., 2015). Furthermore, SST+ 
interneurons in L5 integrate into early transient thalamocortical circuits that 
disappear after the sensory critical period, which plays a crucial role in the 
maturation of cortical circuits during postnatal development and is sensitive to 
sensory perturbation (Marques-Smith et al., 2016; Tuncdemir et al., 2016). Lastly, 
in adult stages, neuronal activity can also modulate the plasticity and intrinsic 
properties of specific subtypes of interneurons in the cortex (Dehorter et al., 2015; 
Favuzzi et al., 2017). 
 
Altogether, genetic and extrinsic mechanisms during embryonic and postnatal 
brain development play pivotal roles on the ability of cortical cell types to wire 





3. Mechanisms of cortical synaptic assembly 
 
“Neurons that fire together, wire together” 
Carla Shatz is recognised for her work on developmental mechanisms 
that generate precise patterns of connections in the nervous system. 
While breaking barriers for women in science, her research postulated 
the paradigmatic idea that the wiring of neural circuits is controlled by 
the intersection between genes and neural activity. 
  
The ground-breaking discoveries from Carla Shatz’s laboratory have shaped our 
mechanistic understanding on the development of brain circuits. Neural activity is 
required in the developing visual system for target selection of retinogeniculate and 
thalamocortical axons (Catalano and Shatz, 1998; Shatz and Stryker, 1988; 
Sretavan and Shatz, 1984;). Transient neuronal populations such as subplate cells 
play a key role in instructing the initial formation of axonal connections in the 
cerebral cortex (McConnell et al., 1989; Ghosh et al., 1990). The major histo-
compatibility complex regulates synaptic connectivity in an activity-dependent 
manner (Corriveau et al., 1998; Syken et al., 2006). Altogether, these discoveries 
represented milestones in the investigation on the mechanisms of brain wiring. 
Neurons are endowed with the ability to receive, compute, and transmit 
information. On average, a neuron receives over 10,000 synaptic inputs. How do 
neurons establish specific connections with other neurons? Given the remarkable 
cellular diversity in the cerebral cortex, this remains a challenging and fundamental 
question in neuroscience. Our knowledge on molecular and cellular mechanisms 
underlying synaptic assembly has exponentially increased over the past decades. 
This field has been nurtured by technological developments, first from the 
revolution of molecular biology in the 1990’s and then from the post-genomics era 
in the 2000’s. Besides, the tools provided by developmental genetics have helped 
to label and identify cortical circuits, thus fostering the study of specific connections 
(He et al., 2016; Taniguchi et al., 2011). In this section, I will review the molecular 
and cellular mechanisms that instruct synaptic assembly of cortical cell types, and 
I will highlight the emergence of these mechanisms during postnatal development. 
Ultimately, the interplay of distinct mechanisms at specific temporal windows is 
necessary for the attainment of a biological process as precisely regulated and 




3.1. Transcriptional mechanisms 
 
As discussed above, the diversity of cortical cell types can be interrogated based 
on their gene expression patterns, not only in adult neural networks but also during 
the developmental specification in the embryo (Mayer et al., 2018; Mi et al., 2018; 
Tasic et al., 2018). Noticeably, the transcriptional signatures of cortical cell types 
are enriched in molecular components of the synaptic architecture and 
communication, as revealed by transcriptome-wide studies (Paul et al., 2017). 
These findings point out to cell type-specific expression patterns of key cell surface 
synaptic organizers, suggesting that they could play an important role in synapse 
assembly and specificity in cortical circuits (de Wit and Ghosh, 2016). 
Early studies on the neurexin-neuroligin families, arguably the most 
emblematic molecules with roles in synapse form and function (Scheiffele et al., 
2000), indicated that their members show specific patterns of expression in the 
brain (Ullrich et al., 1995). Recently, sophisticated conditional genetic models have 
demonstrated cell type-specific functions of neurexins (Nrxn) in defined circuits 
(Chen et al., 2017). For instance, conditional deletion of neurexins in PV+ 
interneuron leads to a substantial decrease in presynaptic GABAergic bouton 
density, while neurexin expression in SST+ interneurons is crucial for synaptic 
transmission with pyramidal cells. In cerebellar circuits, neuroligins (Nlgn), a family 
of postsynaptic neurexin ligands, have segregated functions in specific 
connections (Zhang et al., 2015). Conditional deletion of Nlgn-1 and Nlgn-3 from 
Purkinje cells specifically affected synapse formation from climbing fibres while 
leaving unaltered parallel fibre synapses, and Purkinje cell-specific Nlgn-2 and 
Nlgn-3 double knockout impairs both climbing-fibre and basket/stellate cell 
synaptic transmission. Cerebellins (Cbln) are a family of adaptor proteins to 
neurexins in the synaptic cleft with synaptogenic functions (Ito-Ishida et al., 2012; 
Matsuda et al., 2010; Uemura et al., 2010). Interestingly, members of the Cbln 
family display a striking segregation of expression patterns throughout brain 
circuits (Seigneur and Südhof, 2017), and genetic deletion of Cbln1, Cbln2 and 
Cbln4 causes a dramatic and late loss of synapses in adult cortical, cerebellar and 
striatal circuits, but not during postnatal development, suggesting a role for 
cerebellins in synapse maturation and/or stabilisation rather than synapse 




Secreted proteins of the C1ql family are endowed with the ability to 
establish trans-synaptic interactions involved in synaptic assembly (Matsuda et al., 
2016). The expression of several members of this protein family, namely C1ql1-3, 
has been mapped to different brain regions and cell types (Yuzaki, 2017). In the 
cerebellum, C1ql1 selectively functions in the assembly of climbing fibres onto 
Purkinje cells (Kakegawa et al., 2015; Sigoillot et al., 2015). C1ql2 and C1ql3 
expressed in dentate gyrus granule cells are released at the mossy fibre synapse 
and control the postsynaptic localisation of kainate receptors (Matsuda et al., 
2016). In addition, conditional Cq1l3 knockout in the basolateral amygdala 
decreases the formation of synaptic connections projecting to the prefrontal cortex 
and impairs fear memory (Martinelli et al., 2016). On the other hand, cadherins 
(Cdh) are transmembrane proteins localised in pre- and postsynaptic membranes 
that regulate synapse formation and maintenance through interactions with other 
synaptic organisers and intracellular signal transduction via catenin complexes 
(Brigidi and Bamji, 2011; Yamagata and Sanes, 2018). Importantly, the specific 
logic of expression patterns in the Cdh family appears to play a key role in the 
connectivity of hippocampal circuits (Basu et al., 2017; Williams et al., 2011), 
similar to the central role of cadherins in retinal connectivity (Duan et al., 2014, 
2018). 
In local cortical circuits, different types of inhibitory interneurons precisely 
target distinct subcellular compartments in the postsynaptic pyramidal cell. A 
recent transcriptomic study of SST+ dendrite-targeting cells, PV+ basket cells and 
chandelier cells identified unique molecular codes during the postnatal period of 
synaptogenesis (Favuzzi et al., 2019) (Figure 3). Multiple protein families 
implicated in axon guidance and cell adhesion, such as semaphorins, cerebellins, 
and protocadherins, display a remarkable cellular specificity in their expression 
patterns. In fact, conditional knock-down experiments for Cbln4, leucine-rich repeat 
LGI family member 2 (Lgi2), and fibroblast growth factor 13 (Fgf13), resulted in 
specific losses of dendritic, somatic and axo-axonic input synapses in pyramidal 
cells, respectively (Favuzzi et al., 2019). At the postsynaptic membrane, GluD1 
trans-synaptically interact with Cbln4 to mediate inhibitory synapse formation onto 
cortical pyramidal cell dendrites (Fossati et al., 2019). 
Further evidence supports the role of cell type-specific expression of 
synaptic proteins in the wiring of cortical interneurons (Figure 3). Selective 
expression of NIMA related kinase 7 (Nek7), a regulator of microtubules, in PV+ 




soma of cortical pyramidal cells (Hinojosa et al., 2018). Erb-B2 receptor tyrosine 
kinase 4 (ErbB4), a member of the epidermal growth factor receptor subfamily that 
is expressed in specific interneuron subtypes, controls the development of 
excitatory inputs and inhibitory outputs of CCK+ and PV+ interneurons, including 
basket and chandelier cells (Del Pino et al., 2013, 2017; Fazzari et al., 2010). 
Although little is known about the molecular strategies utilized by pyramidal cells 
to mediate these processes, a recent study determined that L1 cell adhesion 
molecule (L1CAM), a transmembrane protein targeted to the AIS, plays a 
fundamental role in the formation and maintenance of the synaptic innervation from 
chandelier cells (Tai et al., 2019). 
How are these synapse-related genetic programs activated in different cell 
types? A prevalent model of neocortical development supports a molecular logic 
in which each sequential developmental decision is gated by the coordinated 
activity of highly interconnected networks of transcriptional regulators which direct 
the specification and differentiation of glutamatergic and GABAergic cell types 
(Custo Greig et al., 2013; Fishell and Kepecs, 2019). As a critical step in cortical 
assembly, the cell type-specific expression of cell-surface molecules with roles in 
synaptogenesis would be embedded in a downstream regulation through 
combinatorial transcriptional codes that drive specific developmental trajectories. 
Strikingly, in Drosophila, the cooperation of intrinsic and extrinsic mechanisms 
Figure 3 | Cell type-specific molecular programs instruct the formation of distinct 
classes of synaptic connections in pyramidal cell-interneuron circuits of the 
cerebral cortex. 
(A) Diagram representing the differential expression of various molecules in distinct 
inhibitory cell types in the mouse cerebral cortex. These cell type-specific expression 







through succeeding waves of genetic programs has been elegantly shown to 
regulate the specificity of neural connectivity in the visual system (Peng et al., 
2018). In this conceptual framework, future efforts will be needed to understand 
how transcriptional regulators might potentially contribute to unfold the selective 
expression of synaptic proteins in distinct cell types of the mammalian cerebral 
cortex. 
From a regulatory genetic perspective, the molecular repertoire of cortical 
cell types can be further articulated by two additional strategies. First, alternative 
splicing can expand diversity of protein isoforms expressed by neurons, expanding 
the capability of synaptic proteins to trigger distinct synaptic functions (Aoto et al., 
2013; Dai et al., 2019). This post-transcriptional regulation has been recently 
shown to function, at least in some cases, in a cell type-specific manner (Fuccillo 
et al., 2015; Nguyen et al., 2016b; Schreiner et al., 2014; Treutlein et al., 2014). 
Importantly, splicing regulators show cell type-specific patterns of expression in the 
brain (Iijima et al., 2011, 2014). In hippocampal circuits, the KH-domain RNA-
binding protein SLM2 is differentially expressed by glutamatergic and GABAergic 
cells and controls the specification of synaptic transmission and short-term 
Figure 4 | Cell type-specific regulation of alternative mRNA splicing shapes the 
formation and plasticity of excitatory and inhibitory circuits in the neocortex. 
(A) Schematics illustrating the different roles of the RNA binding proteins Nova1/2 and 
Rbfox1 in the synaptic assembly of soma-targeting PV+ interneurons and dendrite-
targeting SST+ interneurons in the cerebral cortex. (B) Schematics showing that the 
RNA-binding protein Slm2 is differentially expressed by GABAergic and glutamatergic 






plasticity properties (Nguyen et al., 2016b; Traunmüller et al., 2016) (Figure 4). In 
local inhibitory circuits, paradoxically, the splicing factor Rbfox1 differentially 
regulates alternative splicing programs in PV+ and SST+ interneurons, which 
empowers these two cell types with distinct abilities to control their efferent 
connectivity (Wamsley et al., 2018) (Figure 4). Second, high-throughput analyses 
are also starting to identify that the epigenetic landscape such as methylome 
signatures is neuronal subtype specific (Gabitto et al., 2019; Luo et al., 2017). To 
what extent this epigenetic regulation could influence the synaptic assembly and 
function in a cell type-specific manner is still unclear. 
Altogether, recent efforts from transcriptome-wide studies have elucidated 
the importance of cell type-specific genetic programs in instructing the wiring of 
cortical cell types. However, the complex morphological structures of neurons and 
the high organization of cortical connections raise the question whether molecular 
complexes follow a higher-order organization at the subcellular level (Schreiner et 
al., 2017). 
 
3.2. Sorting mechanisms 
 
Emerging evidence demonstrates that synaptic cell surface proteins are 
differentially distributed along the cell bodies of cortical neurons (Apóstolo and de 
Wit, 2019). The functional relevance of this process is starting to be identified, since 
this subcellular restriction endows neurons with the ability to spatially segregate 
signalling pathways that control the architecture and function of specific synaptic 
connections. However, as discussed below, the sorting mechanisms underlying 
the subcellular compartment-dependent function of synaptic proteins are still 
poorly understood. 
Subcellular compartmentalisation has been best documented in 
hippocampal pyramidal neurons due to the spatially organized logic of afferent and 
efferent connections (Figure 5). In CA1 pyramidal cells, the leucine-rich repeat 
(LRR)-containing protein NGL-2 (Lrrc4) is precisely located at the dendritic 
fragments in the stratum radiatum and specifically regulates the development of 
synaptic inputs from Schaffer collaterals (DeNardo et al., 2012). Similarly, the 
postsynaptic localisation of the LRR adhesion molecules FLRT2, LRRTM1 and 




manner (Schroeder et al., 2018). Through a hitherto unknown mechanism, two 
members of the latrophilin (Lphn) family, Lphn2 and Lphn3, are differentially 
localised to dendritic fragments in the stratum radiatum and stratum lacunosum-
moleculare, respectively, thereby instructing synapse specificity to organize 
hippocampal connectivity (Anderson et al., 2017; Sando et al., 2019). 
The CA3 pyramidal neuron has also implemented specialised subcellular 
distributions of molecular components to orchestrate input-specific properties 
(Figure 5). The synaptic expression of the orphan G protein-coupled receptor 
GPR158 is enriched in the stratum lucidum, requires the heparan sulfate glypican 
4 at the presynaptic surface, and selectively controls the formation and function of 
mossy fibre (MF)-CA3 synaptic connections (Condomitti et al., 2018). Interestingly, 
MF filopodia, the synaptic contacts that dentate gyrus granule cell axons make 
onto GABAergic CA3 interneurons, have been shown to be specifically regulated 
by Kirrel3 and Ablim3 (Guo et al., 2018; Martin et al., 2015), suggesting a 
subcellular restriction for these molecular mechanisms. 
Although the intricate pattern of connections in the cortex have made the 
exploration of this question more challenging in cortical circuits, some observations 
indicate that this process is also apparent in cortical cell types. Through conditional 
knock-down and exogenous expression approaches in vivo, Cbln4 was recently 
shown to selectively regulate the formation of dendrite-targeting synapses that 
SST+ interneurons establish onto pyramidal cells, whereas it is incapable of 
specifying somatic and axo-axonic synaptic contacts onto the same postsynaptic 
neurons (Favuzzi et al., 2019). One possibility is that the differential distribution of 
the potential receptors for Cbln4 function in particular cellular compartments of 
pyramidal neurons is required to drive the formation of synapses by specific 
interneuron populations (Fossati et al., 2019). In this context, the selective sorting 
of L1CAM to the AIS of cortical pyramidal cells controls is required for axo-axonic 
innervation by chandelier cells (Tai et al., 2019). Interestingly, Nlgn4 has recently 
been found to be targeted to excitatory synapses in human cortical neurons (Marro 
et al., 2019). Since this expression pattern differs from findings in the mouse, this 
species-specific control of synapse specificity might suggest that subcellular 
segregation of synaptic molecules represents an evolutionary adaptation to 
expand the capacity of cortical circuit assembly. 
Despite the previous findings, the sorting mechanisms responsible for the 




unknown. This is in marked contrast to the progress made in understanding the 
molecular mechanisms underlying the sorting and subcellular localisation of ion 
channels along the neuronal cell body (Gu et al., 2003; Rivera et al., 2003, 2005). 
From a mechanistic perspective, neurons can use two alternative, not necessarily 
exclusive, pathways for selective sorting of synaptic molecules to different 
compartments. First, it has been recently shown that messenger RNA (mRNA) 
molecules can be transported and compartmentalised in both dendrites and axons, 
and local mRNA regulation mediated by translation and degradation processes 
supports varied neuronal functions (Biever et al., 2019; Glock et al., 2017). Deep 
sequencing technologies and live imaging approaches have elucidated that mRNA 
composition strikingly differs in somatic and neuropil compartments (Cajigas et al., 
2012). These studies revealed that the mRNA signatures found in neurites are 
enriched in dendritic, axonal and synaptic genes. mRNA stability, localisation and 
translation is largely determined by cis-acting elements present in the 3’ 
untranslated region (UTR) (Andreassi and Riccio, 2009; Glock et al., 2017). The 
generation of transcript isoforms with different localisations is orchestrated by 
alternative cleavage and polyadenylation of mRNA, and the transport is mediated 
by the interaction with RNA-binding proteins (Tian and Manley, 2017; Ule and 
Figure 5 | Subcellular distribution of synaptic proteins along dendritic arbours of 
hippocampal pyramidal cells. 
(A-B) Diagram of the subcellular patterns of expression in hippocampal pyramidal cells. 
In CA1 pyramidal cells, a large diversity of cell adhesion molecules and other synaptic 
proteins are specifically localised in restricted fragments of the dendritic arbours (A). The 
differential subcellular distribution allow these molecules to be targeted to specific 
synaptic contacts received by CA1 pyramidal cells. In the CA3 region, pyramidal cells 
also show restricted expression of some synaptic proteins in specific dendritic fragments, 
particularly those found in the stratum lucidum that receive synaptic connections from the 






Darnell, 2006). The localised mRNAs in the neuropil of cortical neurons usually 
represent isoforms with longer 3’ UTRs (Miura et al., 2013; Tushev et al., 2018), 
intriguingly suggesting the presence of sequence motifs necessary for the sorting 
of axonal and dendritic transcripts (Urwyler et al., 2019). 
Local mRNA translation participates in multiple steps of neurite 
organisation and function. Not only local translation plays an important role in 
dendrites and synaptic plasticity (Steward and Schuman, 2001; Sutton and 
Schuman, 2006), but also regulates the formation and maturation of presynaptic 
structures in the axon (Biever et al., 2019; Cioni et al., 2018). Two intriguing studies 
elucidated a role for local translation of axonal beta-actin and the active zone 
protein SNAP25 in remodelling axonal arborisation and in presynaptic terminal 
development and synaptic release, respectively (Batista et al., 2017; Wong et al., 
2017). More recently, it has been shown that late endosomes provide stations for 
local translation of mRNA in axons (Cioni et al., 2019). However, to what extent 
this molecular process could modulate the function of cell adhesion molecules in 
synapse specification and cortical connectivity remains unknown. 
A second mechanism by which cell surface molecules can be targeted to 
different neuronal compartments is protein sorting. Trafficking pathways for 
polarized proteins ensure the accurate localisation of these proteins to their 
appropriate subcellular domain, maintaining neuronal polarity necessary for neural 
signalling and plasticity, and entails membrane budding, transport and fusion 
events of carrier vesicles (Bentley and Banker, 2016; Ribeiro et al., 2018). Protein 
trafficking is a sequential process that follows multiple events: post-translational 
maturation and exit of the endoplasmic reticulum (ER) mediated by folding factors 
such as classical chaperons (Braakman and Hebert, 2013), sorting and loading 
into specific transport vesicles by adaptor proteins at the trans-Golgi network 
(TGN) station (Bonifacino, 2014; Guardia et al., 2018), selective transport of 
vesicles mediated by different motor proteins (Gumy and Hoogenraad, 2018; 
Namba et al., 2011), and selective fusion to the plasma membrane by tethering 
factors and soluble N-ethylmaleimide-sensitive factor attachment protein receptor 
(SNARE) proteins (Harris et al., 2016; Soo Hoo et al., 2016). Of note, the clathrin-
binding adaptor proteins AP-1 and AP-3 at the TGN act as regulators to recognise, 
sort and load transmembrane proteins into somatodendritic and axonal transport 
vesicles, respectively (Farías et al., 2012; Li et al., 2016). Besides, several motor 
proteins, such as dynein, kinesin-1/KIF5, kinesin-2/KIF17 and kinesin-3/KIF1, are 




the cytoskeleton in dendrites and axons (Guedes-Dias et al., 2019; Kapitein et al., 
2010). In this process, the AIS constitutes a dense cytoplasmic structure enriched 
in AnkyrinG and F-actin that selectively allows the transport of KIF5-driven carriers 
to the axon (Song et al., 2009). Similarly, the pre-axonal exclusion zone, a more 
proximal region to the axonal hillock, is able to exclude the entry of somatodendritic 
vesicles to the axon through a mechanism dependent on the coordinated actions 
of motor proteins KIF1 and KIF5 (Farías et al., 2015; Gumy et al., 2017). These 
selective filters largely shape the polarized behaviour of vesicle transport in 
neurons; however, a variety of additional mechanisms can contribute to the final 
allocation of proteins. 
The endocytic system has also been involved in selective sorting of 
synaptic proteins. Sorting receptors play a crucial role in recycling transmembrane 
proteins. Strikingly, the deletion of SorCS1 leads to differential composition of 
synaptic organizers and receptors in synapses (Savas et al., 2015). In particular, 
endosomal SorCS1 interacts with Rab11 family-interacting proteins to mediate the 
sorting of dendritic internalised Nrxn1ɑ to the axonal surface compartment (Ribeiro 
et al., 2019). Moreover, post-translational mechanisms that comprise activity-
dependent events, including phosphorylation and proteolytic cleavage, control the 
surface levels of cell-adhesion molecules (Bemben et al., 2014; Peixoto et al., 
2012; Suzuki et al., 2012). Lastly, cell surface transmembrane proteins can be 
redistributed between synaptic sites and perisynaptic locations via lateral diffusion, 
a dynamic mechanism that might depend in part on the interaction with 
receptor/ligand partners at the other side of the synapse (Biermann et al., 2014; 
Chamma et al., 2016; Neupert et al., 2015). 
In conclusion, transmembrane proteins involved in the development of 
specific synaptic connections in the brain show restricted subcellular localisation 
in their expression patterns, and a variety of molecular mechanisms have been 
implicated in RNA and protein sorting. While some reports have already shed light 
on how sorting mechanisms influence the architecture and function of neuronal 
circuits (Ribeiro et al., 2019), I anticipate a large number of studies in the coming 
years to functionally link the basis of subcellular sorting (e.g. structural 
determinants and molecular interacting partners) to the precise synaptic assembly 





3.3. Trans-synaptic mechanisms 
 
The synapse can be seen as a highly complex, modular, and dynamic structure, 
composed by a multitude of nodes—proteins present within the synaptic 
membrane, cytoplasm and extracellular matrix—connected through an organised 
and iterative network of internodes—protein-protein interactions mediated by 
binding through specific protein domains. Proteomic analyses have identified more 
than 2,400 proteins in synaptosome fractions prepared from cultured cortical 
neurons, which indicate that a high molecular diversity make up the architecture of 
cortical synapses (Loh et al., 2016). Importantly, structural biology has informed 
neurobiologists about the molecular foundations of trans-synaptic interactions that 
mediate synapse formation (Elegheert et al., 2016; Li et al., 2018). 
In the hippocampus, a dedicated, and unexpected, logic of interactions 
between latrophilins, fibronectin leucine-rich repeat transmembrane proteins 
(FLRTs) and teneurins is necessary to properly develop excitatory synapses 
targeting the proximal region of dendrites in CA1 pyramidal cells (Sando et al., 
2019) (Figure 6). Latrophilin G protein-coupled receptors (GPCRs) are expressed 
postsynaptically (Anderson et al., 2017; Sando et al., 2019), and, at the structural 
level, Lphn3 utilises its olfactomedin-like domain to interact with FLRTs, on the one 
hand, and its lectin domain to interact with teneurins, on the other hand (Li et al., 
2018; Lu et al., 2015). When Lphn3 is deleted postsynaptically, CA1 pyramidal 
neurons show a specific reduction in dendritic spines in the stratum radiatum, and 
receive fewer and weaker evoked excitatory synaptic inputs (Sando et al., 2019). 
Remarkably, the observed synaptic deficits could be rescued by expression of wild-
type Lphn3 but not mutant forms in the interacting domains for FLRTs and 
teneurins. Altogether, these results uncovered a mechanism by which the 
coincident binding of two transcellular ligands, FLRT3 and teneurin-2, to Lphn3 in 
the postsynaptic membrane is required to regulate synaptogenesis in specific 
hippocampal connections. 
At the presynaptic membrane, protein tyrosine phosphatase receptors 
(PTPRs) mediate synaptogenic functions via the interaction with a diverse 
amalgam of postsynaptic adhesion ligands (Takahashi and Craig, 2013). Trans-
synaptic interactions between the leukocyte activated receptor LAR-PTPR (also 
named PTPRF) with the netrin-G ligand NGL-3 (Woo et al., 2009), and the binding 




formation of excitatory synapses. Furthermore, the specific binding of PTPRD to 
the interleukin-1 receptor family proteins IL1RAP1L or IL1RAcP regulates 
excitatory synapse development (Yoshida et al., 2011, 2012), whereas its 
interaction with the Slit and NTRK-like family member-3 (Slitrk3) selectively 
promotes inhibitory synapse formation (Takahashi et al., 2012). Importantly, a 
variety of extracellular domains and alternative splicing events in the PTPR family 
govern these specific protein-protein interactions (Kwon et al., 2010; Yamagata et 
al., 2015a, 2015b). Intracellular domain-mediated functions of PTPRS, likely due 
to interaction and signalling through distinct cytoplasmic presynaptic proteins, have 
also been shown to participate in synapse assembly (Han et al., 2018a). Thus, a 
complex network of interactions between presynaptic PTPRs and postsynaptic 
ligands orchestrate the formation of various classes of synaptic connections. 
Heparan sulfate proteoglycans (HSPGs) are membrane-bound or secreted 
proteins to which long heparan sulfate (HS) glycosaminoglycan chains are 
covalently attached (Condomitti and de Wit, 2018). A presynaptic HSPG, GPC4, 
binds to the postsynaptic ligands LRRTM4 and GPR158 to induce the development 
of excitatory synapses in hippocampal neuronal circuits (Condomitti et al., 2018; 
de Wit et al., 2013). Nonetheless, these trans-cellular interactions, which require 
Figure 6 | Context-specific interactions of cell adhesion molecules at the synapse. 
(A) Examples of trans-synaptic interactions between pre- and postsynaptic molecules 
involved in synapse formation. Abbreviations: FLRT, fibronectin leucine-rich 
transmembrane protein; Lphns, latrophilins; LRRTM, leucine-rich repeat transmembrane 






HS, depend on distinct presynaptic co-receptors: whereas LRRTM4-induced 
presynaptic differentiation requires PTPRS but not LAR-PTPR, GPR158’s 
synaptogenic activity depends in part on LAR-PTPR and, surprisingly, is inhibited 
by PTPRS (Condomitti et al., 2018; Ko et al., 2015; Siddiqui et al., 2013; de Wit et 
al., 2013). These results highlight a difference in co-receptor requirement for 
GPR158 and LRRTM4-mediated presynaptic differentiation, suggesting a high 
level of sophistication in protein-protein interacting networks at the synapse that is 
likely mediated, at least in part, through HS-dependent regulation. Furthermore, 
glycan modifications observed in Nrxn1 mediate binding to postsynaptic ligands 
and are directly involved in synaptic functions (Zhang et al., 2018). This striking 
finding suggests that the interactome of synaptic organisers might be potentially 
expanded to novel binding partners due to the presence of HS chains. Altogether, 
these results reinforce the idea that synaptic specificity, at least to some extent, 
might be dependent on a higher-order level of complexity encoded by trans-
synaptic interactions. 
The alternative splicing code of presynaptic neurexins specifies their 
synaptic properties by controlling the differential binding to manifold postsynaptic 
ligands, including neuroligins, LRRTMs, calsyntenins, cerebellins and C1qls, 
among others (reviewed in (Südhof, 2017)). Six alternative splice sites (SS1-SS6) 
generate a high diversity of isoforms from three neurexin genes, each encoding a 
longer ɑ-protein or a shorter β-protein transcribed from distinct promoters (Tabuchi 
and Südhof, 2002; Ullrich et al., 1995). Neuroligins (Nlgn), the first neurexin ligands 
to be discovered, were shown to selectively bind to beta-neurexins lacking an insert 
at the splice site SS4 (SS4-); however, subsequent studies identified a wider 
network of Nlgn interaction with alpha- and beta-neurexins that is regulated by the 
splice site B in Nlgn1 in addition to the SS4 in neurexins (Boucard et al., 2005; 
Comoletti et al., 2006) (Figure 6). The leucine-rich repeat transmembrane proteins 
LRRTM1 and LRRTM2 exclusively bind SS4- Nrxnɑ/β, which represents a 
complementary, cooperative pathway to Nrxn-Nlgn interactions required for 
synaptogenesis (Ko et al., 2009; Linhoff et al., 2009; Siddiqui et al., 2010; de Wit 
et al., 2009) (Figure 6). In contrast, calsyntenin-3 is a selective Nrxnɑ binding 
partner that induces presynaptic differentiation (Pettem et al., 2013). Intriguingly, 
small secreted proteins, such as cerebellins and C1qls, can bridge neurexins to 
postsynaptic glutamate receptors to exert synaptogenic functions. Cbln1 binds to 
the N-terminal domain of GluRD2, postsynaptically, and to all neurexin isoforms 




interaction is capable of mediating synapse formation (Elegheert et al., 2016; 
Matsuda et al., 2010; Uemura et al., 2010). Similarly, C1ql2 and C1ql3 selectively 
bridges presynaptic Nrxn3 containing a specific sequence at SS5 to postsynaptic 
receptors GluK2 and GluK4 (Matsuda et al., 2016), and C1ql3 plays a role in 
synapse formation in specific brain circuits (Martinelli et al., 2016), although a direct 
link between this selective trans-synaptic interaction and a synaptogenic function 
has not been probed yet. As a modulatory mechanism, the anchor proteins MDGA1 
and MDGA2 are able to bind all Nlgn isoforms via two interface sites to block their 
interaction with presynaptic neurexins (Elegheert et al., 2017). Besides protein 
domain binding, an alternative mode of heparan sulfate-dependent interactions is 
required for the synaptic organising functions of neurexins through the 
postsynaptic Nlgn and Lrrtm partners, and could potentially expand the Nrxn 
interactome (Zhang et al., 2018). Finally, recent studies have identified unique 
roles for intracellular domains of neuroligins in implementing specific synaptic 
functions (Gokce and Südhof, 2013; Nguyen et al., 2016a; Wu et al., 2019). In 
inhibitory synapses, Nlgn2 and IgSF9b are coupled together to assemble synaptic 
clusters via intracellular interactions with the multi-PDZ protein S-SCAM (Woo et 
al., 2013), and trans-synaptic interactions between Nrxn2ɑ and IgSF21 promote 
presynaptic differentiation (Tanabe et al., 2017). Altogether, these findings 
illustrate how extra- and intracellular mechanisms regulate the development of 
synapses in cortical circuits, and how cell-surface molecules expand their 
functional repertoire by acquiring different context-dependent, higher-order binding 
properties with specific partners in defined compartments. Complex protein 
interactions at the synapse—both in cis and trans—form building modules that 
instruct the formation of defined synaptic connections, and alternative splicing and 
postsynaptic modifications have emerged as key mechanisms that increase the 
ability to build diverse synaptic networks. 
 
In conclusion, a wide diversity of cellular strategies has been implicated in the 
control of cortical wiring. Increasing evidence shows that specific cell types express 
distinct genetic programmes of cell-surface molecules. In addition, sorting 
mechanisms and trans-synaptic molecular interactions allow neurons to specify 
the development and properties of synapses in distinct subcellular compartments. 
Although significant progress has been made in our understanding of cortical 
circuit connectivity, much work will be required to decode the molecular 




4. Neuregulin/ErbB4 signalling pathway 
 
“The nerve growth-promoting factor is a protein or is bound to a 
protein.” 
Rita Levi-Montalcini observed for the first time the ability of proteins to 
promote nerve growth. Her outstanding work would precede the 
explosion of molecular neurobiology to identify proteins with roles in 
the establishment of synaptic connections between neurons. 
 
This exciting field set off in quest of a map of proteins in the synaptic domain. The 
early work in the 1980’s and 90’s led by biochemists, including Pietro De Camilli, 
Paul Greengard, Eric Kandel, Reinhard Jahn, Thomas Südhof and many others, 
systematically identified proteins involved in the formation and function of synaptic 
connections, extending our knowledge on the molecular organisation of the 
nervous system similar to the detailed anatomical descriptions that Cajal and his 
disciples reported a century ago. 
Neuregulins (Nrg) are a large family of proteins that were first identified for 
their potent effects in organogenesis, oncogenesis and cellular differentiation, 
including cardiac development, mammary gland morphogenesis, Schwann cell 
and oligodendrocyte differentiation, and acetylcholine receptor inducing activity in 
the neuromuscular junction (Carraway et al., 1997; Chang et al., 1997; Falls et al., 
1993; Holmes et al., 1992; Marchionni et al., 1993; Meyer and Birchmeier, 1995; 
Peles et al., 1992; Wen et al., 1992; Zhang et al., 1997). They activate proteins of 
the ErbB family of receptors via trans-cellular binding through the EGF-like domain, 
and both ligands and receptors have high homology with the epidermal growth 
factor (EGF) and EGF receptor (EGFR) (Burden and Yarden, 1997; Lemke, 1996). 
Later, a role for neuregulin signalling was discovered at central and peripheral 
synapses (Huang et al., 2000; Wolpowitz et al., 2000), which spurred further 
investigations into the intricate functions of neuregulins in synaptogenesis, 
synaptic plasticity, and neuronal connectivity (Chen et al., 2010; Fazzari et al., 
2010; Krivosheya et al., 2008; Li et al., 2007; Ting et al., 2011). In my PhD Thesis, 
I have studied the role of neuregulins, and underlying molecular mechanisms, in 




4.1. ErbB4 receptor 
 
Molecular and cellular studies first identified the specialized functions of the ErbB4 
receptor in cortical development and plasticity, and recent investigations have 
established its importance for behavioural performance and cognitive function, 
thus revealing the privileged position that this protein holds in the organisation and 
function of the cerebral cortex (Mei and Nave, 2014; Rico and Marín, 2011).  
The ErbB family of tyrosine kinase receptors is composed of four members 
of Type I transmembrane proteins (ErbB1-ErbB4) that contain a large extracellular 
region responsible for ligand binding, a single transmembrane domain, and an 
intracellular region with kinase activity (Mei and Xiong, 2008) (Figure 7). The 
extracellular region includes four domains with cysteine-rich sequences, and the 
intracellular region contains two asymmetric tyrosine kinase domains. Upon 
neuregulin binding, the extracellular domains undergo major conformational 
changes that lead to receptor dimerization and, through an allosteric mechanism, 
activation of the kinase domains by auto- and trans-phosphorylation, which triggers 
the downstream signalling pathway (Citri and Yarden, 2006; Zhang et al., 2006). 
This involves cascades of phosphorylation events via, among others, the ERK, 
PI3K/Akt, and mTOR pathways (Mei and Nave, 2014; Mei and Xiong, 2008). While 
this represents the canonical pathway of ErbB receptor activation, it has also been 
shown that ErbB4 can be proteolytically cleaved to release its intracellular domain 
that is translocated to the nucleus and regulates transcription, establishing a non-
canonical forward signalling (Sardi et al., 2006). 
Among the four members of the ErbB family, ErbB4 receptor is highly 
expressed in the brain across developmental and adult stages in a characteristic 
pattern. First, ErbB4 is selectively expressed by MGE-derived fast-spiking cells 
and a few other types of interneurons, but not in excitatory pyramidal cells in all 
mammals studied so far (Fazzari et al., 2010; Vullhorst et al., 2009). More recent 
studies have also characterised the specific expression of ErbB4 in certain CGE-
derived interneurons that express markers such as CCK, VGlut3 and VIP (Batista-
Brito et al., 2017; Del Pino et al., 2017). Overall, expression of ErbB4 in cortical 
circuits is restricted to GABAergic interneurons and follows a cell type-specific 
pattern. 
ErbB4 is precisely targeted to defined synaptic connections in cortical 




synaptic inputs that interneurons receive from pyramidal cells as well as the 
inhibitory boutons that interneurons make onto pyramidal cell bodies, in particular 
in axo-axonic and somatic boutons from chandelier and CCK basket interneurons 
(Fazzari et al., 2010; Vullhorst et al., 2009). In the excitatory synapse, ErbB4 is 
present at the postsynaptic membrane and colocalises with the excitatory synaptic 
marker PSD95 (Fazzari et al., 2010; Krivosheya et al., 2008; Vullhorst et al., 2009). 
In the inhibitory synapse, ErbB4 is present at the presynaptic membrane of boutons 
and colocalises with the inhibitory synaptic markers GAD65 and VGAT, and with 
CCK in basket terminals (Fazzari et al., 2010; Vullhorst et al., 2009; Woo et al., 
2007). Therefore, this paradoxical subcellular targeting of ErbB4 to the pre- and 
postsynaptic membranes of interneurons suggests a central role for ErbB4 in the 
afferent/efferent connectivity of these cells. 
Genetic manipulations of ErbB4 in specific interneuron populations result 
in specific synaptic deficits. It was first identified that genetic deletion of ErbB4 from 
interneurons, using the Dlx5/6-Cre mouse line, leads to specific inhibitory and 
excitatory synaptic losses (Fazzari et al., 2010). Subsequent experiments 
conditionally deleted ErbB4 from MGE-derived interneurons, causing 
heterogenous deficits in the inhibitory boutons that innervate pyramidal cells (Del 
Figure 7 | Genomic and protein structure of neuregulins and ErbB receptors. 
(A) Protein structure of the four members of the ErbB family of tyrosine kinase receptors. 
(B) Genomic sequences of Nrg1-Nrg4 genes indicating the number of exons of each loci 
as well as the specific location of the exons encoding for EGF-like domain (EGF) and 






Pino et al., 2013). In addition, both chandelier and basket cells lacking ErbB4 
receive fewer excitatory inputs (Del Pino et al., 2013). In a follow-up study, ErbB4 
was deleted from CCK+ cells, which represent a population of interneurons that 
are mainly generated in the CGE and express CB1R in their axon terminals (Eggan 
et al., 2010; López-Bendito et al., 2004; Morozov et al., 2009; Tricoire et al., 2011); 
in these conditional mutant mice, CCK+ basket cells form less somatic GABAergic 
boutons onto pyramidal cells, and receive reduced synapse numbers and weaker 
excitation (Del Pino et al., 2017). Of note, ErbB4 is abundantly expressed in 
developing interneurons in the embryo, when it has an important role in controlling 
migration and final allocation into the nascent cortical circuit (Bartolini et al., 2017; 
Flames et al., 2004; Marín, 2013). Importantly, the synaptic phenotypes that 
characterise conditional ErbB4 mutant mice were observed in the hippocampus, 
where no alteration of interneuron migration or lamination was detected (Del Pino 
et al., 2013, 2017). 
Recent advances in the genetics of neuropsychiatric disorders have 
suggested an association between ERBB4 mutations and schizophrenia and 
intellectual disability (Kasnauskiene et al., 2013; Mei and Nave, 2014; Walsh et al., 
2008). Remarkably, further studies in animal models have shed light on the 
significance of this genetic association to behavioural dysfunction in disease. On 
the one hand, mice lacking ErbB4 from fast-spiking interneurons show altered 
gamma-band oscillations and synchrony between hippocampus and prefrontal 
cortex, and heterogenous defects in locomotion, social and cognitive behaviours 
(Del Pino et al., 2013). On the other hand, mice lacking ErbB4 from CCK+ 
interneurons show reduced oscillatory activity in the theta-band, disrupted place 
cell firing, and altered spatial representation (Del Pino et al., 2017). In conclusion, 
these results demonstrate that ErbB4 plays a central role in cortical development 
and function. 
 
4.2. Neuregulin family 
 
Neuregulins are encoded in four different genes (Nrg1-Nrg4) that generate a 
diverse range of protein isoforms through alternative splicing. Despite this diversity, 
all neuregulin proteins are type I transmembrane proteins that contain an amino 
(N-) terminal domain, an EGF-like domain, a single transmembrane, and a carboxy 




N-terminal domain is probably the most diverse region among neuregulins, and 
varies the most in the different isoforms of Nrg1, which can be subclassified in six 
isoform classes (type I-type VI). Types I, II, IV, and V isoforms contain an 
immunoglobulin (Ig)-like domain upstream of the EGF-like domain, with varying 
type-specific sequences in the N-terminal; type III isoforms contain a cysteine-rich 
domain (CRD); and type IV lacks Ig-like domain and CRD. The EGF-like domain, 
which interacts with the receptor trans-synaptically, constitutes a relatively short 
amino acid region with high sequence homology between neuregulin members. 
Most neuregulins are synthesized as precursor proteins (called pro-Nrg) and 
require proteolytic processing in cleavage sites located at the juxtamembrane 
region upstream of the transmembrane domain to acquire the mature stage. This 
allows the EGF-like domain to become available for receptor binding. In the case 
of both Nrg1 CRD (type III) isoform and Nrg3, their N-terminal domains harbour a 
stretch of hydrophobic amino acids conforming a second transmembrane domain 
that anchors the EGF-like domain to the membrane after cleavage of the 
unprocessed forms of the proteins (Vullhorst et al., 2017). On the other hand, the 
C-terminal domain represents a large portion of the mature neuregulin protein, but 
little is known about its physiological roles. In the case of Nrg1, some studies have 
reported essential roles for the C-terminal domain in the processing of the mature 
protein (Hartmann et al., 2015; Liu et al., 1998; Parra et al., 2015), as well as 
functioning in backward signalling to the nucleus after cleavage in the membrane 
(Bao et al., 2003, 2004). 
Since their discovery, neuregulin expression was found to be enriched in 
the nervous system, both during development and in the adult (Carraway et al., 
1997; Chang et al., 1997; Zhang et al., 1997). Of note, Nrg1 (type III isoform) and 
Nrg3 mRNA transcripts are abundantly expressed in the cerebral cortex during 
postnatal development, the period in which synaptogenesis begins (Fazzari et al., 
2010; Rahman et al., 2018). In contrast, Nrg2 shows higher levels of expression at 
later adult stages and is enriched in the cerebellum (Carraway et al., 1997; Chang 
et al., 1997; Longart et al., 2004), whereas Nrg4 appears to be scarcely expressed 
in the cortex (Paramo et al., 2018). 
During neocortical development, Nrg1 and Nrg3 play important roles in the 
formation of the architecture of neuronal circuits. First, Nrg1 functions as an 
attractor factor for the migration of cortical GABAergic interneurons from the 
ganglionic eminences (Flames et al., 2004). Second, Nrg3 controls the correct 




Therefore, interneuron-pyramidal cell circuits rely on Nrg1 and Nrg3 signalling 
during embryonic and early postnatal development to generate the appropriate 
cytoarchitecture in the cerebral cortex. Based on their still abundant expression at 
later developmental and adult stages, Nrg1 and Nrg3 could function in cortical 
synaptic assembly. 
Developmental and activity-dependent regulation of gene expression 
unfolds molecular mechanisms that guide the assembly of neuronal circuits 
(Bloodgood et al., 2013; Favuzzi et al., 2019; Hrvatin et al., 2018; Stroud et al., 
2020). Notably, Nrg3 expression has been shown to undergo a developmental 
increase from prenatal to adult stages (Grieco et al., 2020; Rahman et al., 2018), 
and Nrg1 expression peaks at 4 weeks of postnatal development specifically in 
PV+ cells, followed by low expression levels in the adult cortex (Grieco et al., 2020; 
Sun et al., 2016). In the mouse visual cortex, it has been shown that monocular 
deprivation during a developmental critical period downregulates Nrg1 expression 
in PV+ interneurons and leads to impaired excitatory inputs, indicating that sensory 
experience has a dramatic effect on how Nrg1 signalling modulates the wiring of 
cortical circuits (Sun et al., 2016). In addition, the secreted Nrg1 type I isoform 
shapes cortical connectivity during the first two weeks of postnatal development, a 
temporal window in which local GABAergic, transient circuits play a major role in 
the maturation of thalamocortical circuits (Anastasiades et al., 2016; Marques-
Smith et al., 2016). Specifically, Nrg1 overexpression has a detrimental impact on 
transient connections from L5b SST+ interneurons onto stellate spiny neurons, 
which results in a delay in the formation of thalamic inputs onto recipient cortical 
neurons (Marques-Smith et al., 2016). Altogether, neuregulin expression is finely 
regulated at developmental stages and during critical periods of plasticity by 
sensory experience. These findings highlight the relevance of neuregulin signalling 
in ensuring the normal development of cortical connectivity in a timely coordinated 
manner, and suggests that activity-dependent mechanisms could contribute to 
these processes. It is yet unclear whether cortical activity might influence the 
function, targeting, and processing of distinct neuregulin isoforms at the synapse, 
and how this regulation could impact the formation and plasticity of circuits. 
In the adult, constitutive Nrg3 knock-out mice have a loss of excitatory 
synapses targeting PV+ interneurons in the hippocampus (Müller et al., 2018). 
Nrg3 is found in excitatory synapses at the presynaptic membrane in vitro and in 
vivo (Müller et al., 2018; Vullhorst et al., 2017). Nrg1 appears to colocalise with 




2017), and gain- and loss-of-function models of Nrg1 disrupt synaptic plasticity in 
the hippocampus (Agarwal et al., 2014). In vitro, treatment of neuronal cultures 
with recombinant peptide containing the EGF-like domain of Nrg1 induces 
excitatory synapse development (Ting et al., 2011). Moreover, infusion of 
exogenous polypeptide containing the EGF-like domain of Nrg1 intracerebrally in 
mice represses epileptogenic activity by regulating PV+ interneuron excitability (Li 
et al., 2011; Tan et al., 2011). Due to their structural similarities and overlapping 
expression patterns in vitro, it has been hypothesized that Nrg1 and Nrg3 
cooperate in the regulation of synaptic connectivity (Müller et al., 2018). However, 
how Nrg1 and Nrg3 could mediate ErbB4-dependent synaptic functions in cortical 
circuits during postnatal development remains unclear. 
 
The general importance of neuregulins in synapse development is well 
established. Current data suggest that different neuregulin proteins similarly 
control synaptic connections in central neurons, a perplexing idea given the great 
diversity of neuregulin genes and isoforms. Do neuregulins redundantly regulate 
pyramidal cell-interneuron assembly in the cerebral cortex in vivo? How is 
neuregulin expression in pyramidal cells organised to ensure the interaction 
through ErbB4 receptor in distinct interneuron types? Do specific neuregulin 
members establish a specific pattern of subcellular distribution in cortical 
developing circuits? Despite the general homology of protein domains between 
neuregulin members, large structural differences at the amino acid level suggest 
specific functions for distinct domains or motifs. Indeed, a large evolutionary 
divergence of neuregulin genes is apparent in vertebrate lineages (Chou and 
Ozaki, 2010). At present, apart from the transcellular binding of the EGF-like 
domain to ErbB receptors, there is no evidence for physiological functions 
attributed to extracellular or cytoplasmic domains of neuregulins. Uncovering these 
unsolved questions will not only provide novel insight into fundamental 
mechanisms of neuregulin/ErbB4 function in circuit assembly, but also shed light 
into the molecular determinants that instruct the formation and specificity of 
synaptic connectivity in the cerebral cortex. Despite two decades of research in 
























In my PhD project, I have researched the organisation and mechanisms of 
neuregulin function in cortical circuit assembly during postnatal development. The 
objectives of this thesis are outlined here, and constitute the three chapters of 
results: 
Aim 1. To study the function of Nrg1 and Nrg3 in the synaptic assembly of 
pyramidal cell-interneuron circuits in the mouse cerebral cortex. 
Aim 2. To analyse the subcellular distribution of Nrg1 and Nrg3 in cortical pyramidal 
cells in vivo. 
Aim 3. To investigate the underlying mechanisms of synaptic sorting and function 
of Nrg1 and Nrg3 by exploring the structural determinants that mediate and specify 
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1. Generation of inducible conditional knock-out mice for Nrg1 and 
Nrg3 
 
To generate mouse models for inducible conditional deletion of Nrg1 or Nrg3 
specifically in pyramidal cells during postnatal development, we designed the 
following breeding strategy (Figure 8). Our knock-out strategy targeted pyramidal 
cells in superficial and deep cortical layers, and synaptic analysis were focused in 
L2/3 to be consistent with the targeted population in gain-of-function experiments 
via in utero electroporation. To generate inducible conditional (icKO) mice, we 
crossed the following mouse lines: Nex-CreERT2 (Neurod6tm2.1(cre/ERT2)Kan) (Agarwal 
et al., 2012), Nrg1floxed (Nrg1tm3Cbm) (Yang et al., 2001), Nrg3floxed (Nrg3tm1a(KOMP)Mbp) 
(Bartolini et al., 2017), and RCLtdT (Gt(ROSA)26Sortm9(CAG-tdTomato)Hze) (Madisen et 
al., 2010), to generate mice carrying three alleles. Initially, we crossed mice 
carrying floxed alleles for Nrg1 (Nrg1floxed) or Nrg3 (Nrg3floxed) with either pyramidal 
cell-specific Cre-driver mice (Nex-CreERT2) or tdT-reporter mice (RCLtdT). After the 
generation of mice heterozygous for neuregulin-floxed alleles (Nrg1floxed or 
Nrg3floxed) and homozygous for either the Cre-driver allele (Nex-CreERT2) or the 
reporter allele (RCLtdT), we crossed these mouse lines carrying two alleles in order 
to generate wild-type (Nrg+/+, 1/4 ratio), heterozygous (NrgF/+, 2/4 ratio) and 
homozygous (NrgF/F, 1/4 ratio) mice for Nrg1 or Nrg3 that are also heterozygous 
for both the Cre-driver allele (Nex-CreERT2) and the reporter allele (RCLtdT) (Figure 
8). Quantification of the density of tdTomato+ cells was conducted to analyse the 
pattern of recombination across animals and genotypes. We included mice from at 
least three different litters, and the cell counting was performed in the same 
anatomical regions in L2/3 of the somatosensory cortex to be able to compare 
across mice and litters; notably, tamoxifen injection (see below) in pups at P0 
resulted in a recombination pattern at P30 that was consistent across genotypes 
(Figure 8D). Mice were ear-tagged with identifier codes; downstream analysis of 
synapse and cell density were performed blind to genotype, and identifier codes 
were used to annotate brain samples to the corresponding genotype. All animals 
were maintained in a C57BL/6J background (Jackson Laboratories, #000664). 
Mice were maintained under standard, temperature controlled, laboratory 
conditions, and were housed in groups of up to five littermates per cage after 
weaning. Genotyping of the litter was performed prior to the experiment procedure 
to cull off mice of unwanted genotype. Mice were kept on a 12:12 light/dark cycle 
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and received food and water ad libitum. All animal procedures were approved by 
the ethical committee (King’s College London) and conducted in accordance with 
European regulations, and Home Office personal and project licenses under UK 
Animals (Scientific Procedures) 1986 Act. 
The following primer sequences were used for routine genotyping: Nex-
CreERT2 (5’ - GAGTCCTGGAATCAGTGTTTTTC - 3’; 5’ - 
AGAATGTGGAGTAGGGTGAC - 3’; 5’ - CCGCATAACCAGTGAAACAG - 3’), 
Nrg1floxed (5’ - TCCTTTTGTGTGTGTTCAGCACCGG - 3’; 5’ - 
GCACCAAGTGGTTGCGATTGTTGCT - 3’), Nrg3floxed (5’ - 
AGAGGGAGAATGGAAAACAATGAGC - 3’; 5’ - 
AGATGCCAGTGTCTCTTGTTTAGGG - 3’), and RCLtdT (5’ - 
AAGGGAGCTGCAGTGGAGTA - 3’; 5’ - CCGAAAATCTGTGGGAAGTC - 3’; 5’ - 




Figure 8 | Generation of inducible conditional knock-out mice for Nrg1 and Nrg3. 
(A) Schematics of breeding scheme to generate inducible conditional knock-out (icKO) 
mice carrying three alleles. (B) Conditional deletion of Nrg1 and Nrg3 was achieved by 
tamoxifen (TM) injection in newly born pups at P0. (C) Expression of tdTomato in the 
cerebral cortex of Nex-CreERT2;RCLtdT mice at P30 following tamoxifen injection at P0 
illustrates the extent of genetic recombination. (D) Quantification of the density of 
tdTomato+ pyramidal cells at P30. Two-tailed Student’s t-tests. For Nex-
CreERT2;RCLtdT;Nrg1F, P = 0.929; n = 5 mice (18 regions of interest, ROIs) for controls and 
5 mice (18 ROIs) for mutants. For Nex-CreERT2;RCLtdT;Nrg3F, P = 0.869; n = 5 mice (18 
ROIs) for controls and 5 mice (18 ROIs) for mutants. 
Data are shown as mean ± s.e.m. Scale, 400 μm. 
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2. Tamoxifen injection 
 
Tamoxifen (Sigma-Aldrich, Cat# 85256) was dissolved in corn oil (Sigma-Aldrich, 
Cat# C8267) (10 mg/ml) at 37°C with constant agitation. Tamoxifen at a dose of 1 
mg/10 g of body weight was administered via intragastric injection into P0 postnatal 
Nex-CreERT2/+;RCLtdT/+;Nrg1F/F or Nex-CreERT2/+;RCLtdT/+;Nrg3F/F mouse pups, and 
the control littermates (Nex-CreERT2/+;RCLtdT/+;Nrg1+/+ or Nex-
CreERT2/+;RCLtdT/+;Nrg3+/+, respectively), to conditionally knock-out the 
corresponding Nrg gene in cortical pyramidal cells during postnatal development. 
 
3. Generation of DNA constructs 
 
Neuregulin constructs (Nrg) were generated by standard molecular biology 
procedures (Figure 9). Due to the high guanine/cytosine (G/C) content and a very 
low efficiency in PCR amplification of Nrg sequences, plasmids that contain inserts 
encoding for wild-type and mutant proteins of Nrg1 and Nrg3 harbouring an HA tag 
epitope were designed and produced using the Invitrogen GeneArt Gene 
Synthesis platform (Thermo Fisher Scientific). We used the DNA sequences of the 
predominant isoforms for Nrg1 (GenBank: 178591, Ensembl Transcript ID: 
ENSMUST00000073884.5) and Nrg3 (GenBank: NM_008734, Ensembl 
Transcript ID: ENSMUST00000166968.8). The Nrg sequences lacked the 5’- and 
3’-untranslated regions (UTR) and were preceded by the Kozak consensus 
sequence. The different Nrg inserts were cloned into an expression vector plasmid 
containing the synapsin promoter (pSyn) using standard molecular biology 
procedures; namely, restriction digestion with restriction enzymes, DNA band 
purification from agarose gel, ligation of digested plasmids of sticky ends, 
transformation into competent E. coli bacterial cells, and plasmid production and 
purification (QIAGEN Plasmid Mini Kit, Cat# 12123; and QIAGEN Plasmid Midi Kit, 
Cat# 12143). The restriction sites NotI/EcoRI were used to clone the different Nrg 
inserts into the expression vector plasmids. These vector plasmids contained an 
additional pSyn promoter followed by a green fluorescent protein (GFP) as a 
reporter to label the electroporated cells (Gascón et al., 2008). For control 
experiments, we used the pSyn-Gfp plasmid lacking any Nrg insert. 
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To identify the subcellular localisation of neuregulins, constructs harboured 
a human influenza hemagglutinin (HA) epitope tag upstream of the EGF-like 
domain (exon 2). It has been previously reported that this tag insertion site in Nrg 
loci does not alter their function (Wang et al., 2001). The HA tag was inserted 
between amino acids 222 (Leucine, L) and 223 (Serine, S) for Nrg1 protein, and 
between amino acids 277 (Histidine, H) and 278 (Threonine, T) for Nrg3 protein. 
In a separate set of experiments aiming to identify the subcellular localisation of 
the intracellular domain of Nrg1, the HA tag was inserted after amino acid 700 
(Valine, V) of Nrg1 protein, right upstream of the STOP codon. 
For EGF-like domain replacement experiments, the chimeric neuregulins 
were generated by swapping the EGF-like domain of a neuregulin member by the 
corresponding domain from its homologous gene. First, the EGF-like domain of 
Nrg1 (amino acids 223 to 286, corresponding to exons 2 and 3) was replaced by 
 
 
Figure 9 | Plasmids encoding for wild-type and mutant neuregulin proteins used for 
in utero electroporation experiments of cortical pyramidal cells. 
(A) Schematics of experimental design (left), and coronal section of mouse brain that 
illustrates the expression of GFP in a typical experiment (right). (B) Diagrams of the 
structure of plasmids used in these experiments; numbers indicate the amino acid 
positions. Scale, 400 μm. 
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the EGF-like domain of Nrg3 (amino acids 278 to 346, corresponding to exons 2 
and 3); this chimeric protein was named Nrg1EGF:Nrg3. Second, the EGF-like domain 
of Nrg3 (amino acids 278 to 346) was replaced by the EGF-like domain of Nrg1 
(amino acids 223 to 286); this chimeric protein was named Nrg3EGF:Nrg1. 
For C-terminal domain replacement experiments, the chimeric neuregulins 
were generated by swapping the C-terminal domain of a neuregulin member by 
the corresponding domain from its homologous gene. First, the C-terminal domain 
of Nrg1 (amino acids 326 to 700, corresponding to exons 6-9) was replaced by the 
C-terminal domain of Nrg3 (amino acids 384 to 713, corresponding to exons 6-10); 
this chimeric protein was named Nrg1Ct:Nrg3. Second, the C-terminal domain of Nrg3 
(amino acids 384 to 713) was replaced by the C-terminal domain of Nrg1 (amino 
acids 326 to 700); this chimeric protein was named Nrg3Ct:Nrg1. 
For C-terminal domain lacking experiments, the mutant neuregulins were 
generated by deleting the C-terminal domain of each neuregulin member. First, the 
C-terminal domain of Nrg1 (amino acids 326 to 700) was deleted, and a stop codon 
was inserted after amino acid 325 (Valine, V); this mutant protein was named 
Nrg1ΔCt. Second, the C-terminal domain of Nrg3 (amino acids 384 to 713) was 
deleted, and a stop codon was inserted after amino acid 383 (Valine, V); this 
mutant protein was named Nrg3ΔCt. 
 
4. CRISPR/Cas9-mediated endogenous protein tagging 
 
CRISPR/Cas9-mediated homology-directed repair (HDR) was used for single-cell 
labelling of endogenous proteins in vivo (Mikuni et al., 2016) (Figure 10). For 
custom single-guide RNA (sgRNA) design, we used the following web-based tools: 
WTSI Genome Editing (https://wge.stemcell.sanger.ac.uk/) and Zhang’s lab 
website (https://zlab.bio/guide-design-resources). The 20-base sequences which 
precede a 5’-NGG protospacer-adjacent motif (PAM) sequence were selected to 
induce DNA double-stranded breaks within 10 bp from the tag insertion sites. The 
N- and C-terminus regions of Nrg1 and Nrg3 loci were selected as insertion sites 
for a single HA tag sequence (TACCCCTACGACGTGCCCGACTACGCC), as 
recommended previously (Mikuni et al., 2016). The sgRNAs were cloned into the 
human codon-optimised S. pyogenes Cas9 (SpCas9) and EGFP expression 
plasmid (pSpCas9(BB)-2A-GFP, pX458, Addgene Plasmid #48138) (Ran et al., 
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2013). For each sgRNA, a pair of complementary oligos (20 nucleotides, nt) 
encoding for the target genomic locus were annealed and ligated into the sgRNA 
scaffold of the pX458 plasmid using the BbsI restriction site. We generated 
between 2-4 sgRNAs per insertion site for testing of gene editing efficiency. For 
homologous recombination-dependent knock-in, we designed single-stranded 
oligodeoxynucleotides (ssODNs) containing the HA tag (27 base pairs, bp) 
sequence flanked by sequences of ~80-90 bp on each side that were homologous 
to the target genomic region. To design the homologous arms to the genomic loci, 
We used the following reference DNA sequences: Nrg1 (GenBank: 178591, 
Ensembl Transcript ID: ENSMUST00000073884.5) and Nrg3 (GenBank: 
NM_008734, Ensembl Transcript ID: ENSMUST00000166968.8). 
The following sgRNAs were used for gene editing: 
Nrg1 (N-terminal): CCTTCTGGAGGTGATCCGGA TGG (Fw) 
Nrg1 (N-terminal): CCATCCGGATCACCTCCAGA AGG (Rv) 
Nrg1 (N-terminal): CGGGCCTTCTGGAGGTGATC CGG (Fw) 
Nrg1 (N-terminal): CTGGGGGATAAATCTCCATC CGG (Rv) 
Nrg1 (C-terminal): TTTATACAGCAATAGGGTCT TGG (Rv) 
Nrg1 (C-terminal): TTAGGTTTTATACAGCAATA GGG (Rv) 
Nrg1 (C-terminal): TTTAGGTTTTATACAGCAAT AGG (Rv) 
Nrg3 (N-terminal): GAAGGTGAAGATCGGCTCCT TGG (Fw) 
Nrg3 (N-terminal): CGGCTCCTAGGATGAGTGAA GGG (Fw) 
Nrg3 (N-terminal): AGGATGAGTGAAGGGGCGGC CGG (Fw) 
Nrg3 (C-terminal): GAAGGTGAAGATCGGCTCCT TGG (Fw) 
Nrg3 (C-terminal): CGGCTCCTAGGATGAGTGAA GGG (Fw) 
(Note that ‘Fw’ (forward) and ‘Rv’ (reverse) indicate the strand of the genomic 
region targeted by each sgRNA.) 
The ssODN sequences used for HDR were as follows (5’-3’; HA tag sequence in 
lower case): 
Template for HA tag integration in N-terminal of Nrg1 locus: 























5. Cell culture, transfection, and functional validation 
 
N2a cells were cultured in D10 medium supplemented with 10% (vol/vol) FBS at 
37°C and 5% CO2. Prior to sgRNA and ssODN design, the genomic DNA of N2a 
cells was harvested and sequenced (Sanger Sequencing Service, Source 
BioScience) to validate the absence of any nucleotide change in the target 
insertion region. 
To detect insertion/deletion (indel) mutations in cells transfected with 
plasmid containing sgRNA and Cas9, T7 endonuclease-based mutation detection 
protocol was used. First, genomic DNA was harvested from transfected cells using 
GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific, Cat# K0721). 
Custom designed primers were used to amplify the region of interest from the 
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harvested genomic DNA. After gel purification of the band with proper size (Nrg1-
Nt: 703 bp, Nrg1-Ct: 685 bp, Nrg3-Nt: 644 bp, Nrg3-Ct: 736 bp) (QIAQuick 
Figure 10 | Design of a CRISPR/Cas9, homology recombination-based strategy for 
tagging the endogenous Nrg1 and Nrg3 loci in the mouse brain in vivo. 
(A) Schematics of experimental design. CRISPR/Cas9 constructs were electroporated 
into pyramidal cell progenitors in the mouse embryo at E14.5, and histology was 
performed at P30 to detect for GFP and HA labelling. (B) Constructs used for 
CRISPR/Cas9-mediated gene editing. (C-D) Representation of genomic loci of Nrg1 and 
Nrg3 to indicate the regions in the N- and C-terminal of both genes targeted by the 
designed sgRNA. The numbers indicated for each sgRNA represent the relative DNA 
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purification kit, Cat# 28706), DNA heteroduplex formation was achieved by an 
annealing reaction with gradually decreasing temperatures (95°C to 20°C, in a 
gradient of -2°C/s). The heteroduplex products were subjected to T7 endonuclease 
digestion (New England Biolab, Cat# E3321), and the result was visualised on a 
2% (wt/vol) agarose gel. 
 
6. In utero electroporation 
 
CD-1 (Crl:CD1(ICR)) mice (Charles River, #022) were used for in utero 
electroporation (IUE) experiments. Animals were housed and maintained in the 
same conditions as described for icKO mice. Timed-pregnant females were deeply 
anesthetized with isoflurane (Piramal Critical Care Limited). Buprenorphine 
(Vetergesic, Ceva Animal Health Ltd) was administered for analgesia via 
subcutaneous injection, and ritodrine hydrochloride (Sigma-Aldrich, Cat# R0758) 
was applied to the exposed uterine horns to relax the myometrium. DNA solution 
was mixed with Fast Green (Roche, Cat# 06402712001), and 1-2 μl of solution 
was injected into the lateral ventricle of embryos at E14.5. Forceps-shaped 
electrodes (CUY650P3, Nepa Gene) connected to an electroporator (NEPA21 
Super Electroporator, Nepa Gene) were used to deliver five electric pulses (45 V 
for 50 ms, with 950 ms intervals). The electrodes were positioned to target cortical 
pyramidal cell progenitors in the subventricular zone. 
For IUE in exogenous expression experiments, Nrg expression plasmids or 
control plasmids were used at a concentration of 1 μg/μl. For IUE in endogenous 
tagging experiments, the plasmid encoding for Cas9 and sgRNA (pX458-
derivatives) and ssODN for HDR were used at a final concentration of 1 μg/μl and 
20 μM, respectively. 
 
7. Histology and immunohistochemistry 
 
Mice were deeply anesthetized with pentobarbital sodium (Euthatal, Merial Animal 
Health Ltd) by intraperitoneal injection, and transcardially perfused with sodium 
chloride solution (Sigma-Aldrich, Cat# S76530) followed by 4% paraformaldehyde 
(PFA) (Sigma-Aldrich, Cat# 441244) in phosphate-buffered saline (PBS). 
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Dissected brains were post-fixed for 2h in 4% PFA at 4°C, cryoprotected first in 
15% sucrose (Sigma-Aldrich, Cat# S0389) in PBS overnight and then in 30% 
sucrose in PBS, and cut frozen on a sliding microtome (Leica SM2010 R) at 40 
μm. Free-floating brain slices were permeabilized with 0.2% Triton X-100 (Sigma-
Aldrich, Cat# T8787) in PBS for 1h, and blocked for 2h in a solution containing 
0.3% Triton X-100, 1% serum, and 5% bovine serum albumin (BSA) (Sigma-
Aldrich, Cat# A8806). Then, brain slices were incubated overnight at 4°C with 
primary antibodies. The next day, the tissue was repeatedly rinsed in PBS and 
incubated with secondary antibodies for 2h at room temperature. When required, 
brain slices were counterstained with 5 μM 4’,6-diamidine-2’-phenylindole 
dihydrochloride (DAPI) (Sigma-Aldrich, Cat# D9542) in PBS. All primary and 
secondary antibodies were diluted in 0.3% Triton X-100, 1% serum, and 2% BSA. 
The following primary antibodies were used at the indicated concentrations: 
chicken anti-parvalbumin (1:500, Synaptic Systems, #195 006), goat anti-CB1 
(1:400, Frontier Institute, #CB1-Go-Af450), goat anti-Nrg3 (1:500, Neuromics, 
#GT15220), guinea pig anti-VGlut1 (1:2000, Merck Millipore, #AB5905), mouse 
IgG2a anti-GAD65 (1:500, Merck Millipore, #MAB351R), mouse IgG2a anti-
GAD67 (1:5,000, Merck Millipore, #MAB5406), mouse IgG1 anti-gephyrin (1:500, 
Synaptic Systems, #147 011), mouse anti-HA (1:500, BioLegend, #901502), 
mouse anti-PSD95 (1:500, NeuroMab, #70-028), mouse IgG2a anti-
Synaptotagmin-2 (1:250, ZFIN, #ZDB-ATB-081002-25), rabbit anti-DsRed (1:500, 
Clontech, #632496), rabbit anti-HA (1:500, Cell Signaling Technology, #3724), 
rabbit anti-Nrg1 (1:500, Abcam, #ab23248), rabbit anti-parvalbumin (1:2,000, 
Swant, #PV27), and rabbit anti-pIκBɑ (1:200, Cell Signaling Technology, #2859). 
The following secondary antibodies were used at the indicated concentrations: 
donkey anti-chicken-DyLight 405 (1:200, Jackson ImmunoResearch Europe Ltd., 
#703-475-155), donkey anti-guinea pig-Alexa 647 (1:250, Jackson Immuno-
Research Europe Ltd., #706-605-148), donkey anti-goat-Alexa 647 (1:400, 
Molecular Probes, #A-21447), donkey anti-mouse-Alexa 488 (1:200, Molecular 
Probes, #A-21202), donkey anti-rabbit-Alexa 647 (1:500, Molecular Probes, #A-
31573), donkey anti-rabbit-Cy3 (1:500, Jackson ImmunoResearch Europe Ltd., 
#711-165-152), goat anti-chicken-Alexa 488 (1:600, Molecular Probes, #A-11039), 
goat anti-mouse IgG1-Alexa 488 (1:500, Molecular Probes, #A-21127), goat anti-
mouse IgG1-Alexa 555 (1:500, Molecular Probes, #A-21240), goat anti-mouse 
IgG2a-Alexa 647 (1:500, Molecular Probes, #A-21241), biotinylated goat anti-
rabbit (1:200, Vector Laboratories, #BA-1000), biotinylated goat anti-rat (1:200, 
Vector Laboratories, #BA-9400), biotinylated horse anti-mouse (1:200, Vector 
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Laboratories, #BA-2000), biotinylated rat anti-mouse IgG1 (1:200, BioLegend, 
#406603), streptavidin-Alexa 488 (1:400, Thermo FIsher Scientific, #S11223), 
streptavidin-Alexa 555 (1:400, Thermo Fisher Scientific, #S32355), streptavidin-
Alexa 647 (1:200, Jackson ImmunoResearch Europe Ltd., #016-600-084), and 
streptavidin-DyLight 405 (1:400, Jackson ImmunoResearch Europe Ltd., #016-
470-084). 
 
8. Single-molecule fluorescent in situ hybridisation 
 
Mice were perfused as described above, and brains were postfixed overnight in 
4% PFA in PBS followed by cryoprotection, first in 15% sucrose-RNase free PBS 
overnight, and then in 15% sucrose-RNase free PBS. Brains were sectioned frozen 
on sliding microtome at 30 μm. Fluorescent in situ hybridization on brain slices was 
performed according to manufacturer’s protocol (ACDBio, RNAscope Multiplex 
Fluorescent Assay v2, Cat# 323110). The following probes from the RNAscope 
catalogue were used: Nrg1-C3 (ACDBio, Cat# 418181), and Nrg3-C1 (ACDBio, 
Cat# 441831). 
 
9. Image acquisition and image analysis 
 
Images were acquired at 1,024 x 1,024 pixel resolution in an inverted Leica TCS-
SP8 confocal microscope. Imaging for cell density and synapse density analyses 
was performed at 8-bit depth, and imaging for subcellular compartment analysis 
was performed at 12-bit depth. Tile scan images of brain slices were acquired in a 
ZEISS Apotome.2. Samples from the same experiment were imaged and analysed 
in parallel, using the same laser power, photomultiplier gain and detection filter 
settings. 
For subcellular compartment analysis, images were acquired with 20X/0.50 
(Magnification/Numerical Aperture) objective, and 0.75 digital zoom at 200 Hz 
acquisition speed. Analysis of HA-tagged neuregulin localisation in somas and 
neuropil was performed in Matlab (MathWorks), using a script written by Elisa F. 
Maraver, a former Erasmus student in our group. First, single-channel images 
positive for GFP, corresponding to pyramidal cell bodies, were normalised to a 
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reference image by using a histogram matching function to allow the detection of 
soma and neuropil across samples using intensity-based thresholding with the 
same parameters. Images from the same experiment were normalised to the same 
reference image. For somatic compartment analysis, pyramidal cell somas—that 
show higher intensity of GFP+ signal compared to neuropil—were masked using 
a low threshold. Masks of neuregulin expression in somas were generated by 
thresholding of single-channel images positive for HA. The GFP+ and HA+ masks 
were merged, and the number of GFP-masked somas containing HA+ signal was 
automatically quantified. Somatic neuregulin expression was represented as the 
percentage of HA/GFP double-positive somas per region of interest (ROI). For 
neuropil compartment analysis, the neuropil of pyramidal cells was masked from 
the single-channel images positive for GFP using a high threshold and an 
additional subtraction of the area of the soma identified with a low threshold. The 
image thresholding method ‘IsoData’ was used to detect and generate masks of 
HA expression in the neuropil. After merging the GFP+ mask and the HA+ mask, 
the quantification of the percentage of HA+/GFP+ colocalisation was used to 
estimate neuregulin expression in the neuropil of a given ROI. Imaging was 
performed in 3-4 slices of the somatosensory cortex, and 4-10 ROIs were 
quantified and averaged per animal. 
For cell density analysis, images were acquired with 10X/0.30 objective, 
and 0.75 digital zoom at 200 Hz acquisition speed. Analysis of PV+ interneuron 
density was performed in FIJI (ImageJ) software. The number of PV+ cells was 
manually counted across layers in the somatosensory cortex. This number was 
then divided by area (μm2) of cortex to estimate the density of cells. A minimum of 
6 brain slices were quantified and averaged per animal. For quantification of 
tdTomato-labelled pyramidal cells, the cell density analyses were performed in 
upper layers of the somatosensory cortex of 3-4 slices that contain the ROIs used 
in synaptic analyses. 
For synapse density analysis, images were acquired with 100X/1.44 
objective and 2.20 digital zoom at 200 Hz acquisition speed. To estimate the 
relative position of each neuron within the L2/3 of the cortex, we then took images 
of the same cells with 40X/1.40 objective and 0.75 digital zoom to measure the 
relative depth from the border between L1 and L2. analysis of bouton or synapse 
densities was performed using a custom macro in FIJI (ImageJ) software (Favuzzi 
et al., 2017). Processing of surface and synaptic single-channel images included 
background subtraction, Gaussian blurred, smoothing, and contrast enhancement. 
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For quantification of somatic synaptic contacts, the PV+, tdTomato (tdT)+ or GFP+ 
soma was detected based on intensity levels and automatically drawn to create a 
mask representing the surface of the cell body and to measure its perimeter. PV+ 
cell bodies were identified using immunohistochemistry, and stained and imaged 
in 405 nm wavelength range because synaptic markers co-labelled in these 
experiments were imaged in the rest of the wavelength spectrum; although staining 
intensity in the 405 nm wavelength results in weaker signal, it is sufficient to detect, 
reconstruct, and analyse the soma of PV+ cells. Differences in PV+ intensity levels 
were not taken into account; however, the large number of cells analysed likely 
helped to overcome some of this biological variation by including many cells with 
various degrees of intensity. Selection of PV+ cell somas was performed in a 
random manner, not targeted to any specific feature and/or location of the cells. 
Image acquisition followed the same procedure systematically across genotypes, 
to reduce biological and/or technical variability related to PV+ levels across 
different brain samples. For quantification of axo-axonic synaptic contacts, a mask 
of the axon initial segment (AIS) was created from pIκBɑ+ structure, and its length 
was measured. For presynaptic boutons and postsynaptic clusters, a threshold of 
intensity was used to automatically detect putative synaptic puncta while excluding 
any background. The thresholds for the different synaptic markers were unbiasedly 
selected in a set of random images prior to quantification, and the same threshold 
was applied to all images from the same experiment. The ‘Analyze Particles’ 
(circularity 0.00-1.00) and ‘Watershed’ tools were applied to the synaptic channels, 
and a mask was generated. The minimum sizes for particles were defined as 
follows: 0.06 for GAD67+, GAD65+ and CB1R+ boutons; and 0.05 for Syt2+ and 
VGlut1+ boutons and Geph+ and PSD95+ clusters. Finally, a merged image of the 
surface and synaptic masks was created to automatically quantify the number of 
contacts opposed to the soma or AIS structures. The criterion to identify 
presynaptic boutons (GAD67+, GAD65+, CB1R+, Syt2+, or VGlut1+) contacting 
the surface border of a soma or AIS was that ≥ 0.04 μm2 of the puncta area in the 
synaptic mask was colocalising with the mask of the soma or AIS. The criterion to 
identify postsynaptic clusters (Geph+, or PSD95+) contained within a defined soma 
was that ≥ 0.04 μm2 of the puncta area in the synaptic mask was colocalising with 
the mask of the soma. Putative synapses (Syt2+/Geph+, or VGlut1+/PSD95+) 
were identified when a presynaptic bouton and a postsynaptic cluster were 
contacting each other, with a colocalisation area of ≥ 0.03 μm2 of their 
corresponding masks. VGlut1+/PSD95+ synaptic contacts were considered to 
MATERIALS & METHODS 
73 
 
originate from tdT- or GFP-labelled axon terminals when ≥ 0.025 μm2 of their area 
was colocalising with the mask of the tdT+ or GFP+ processes. 
For the analysis of endogenous Nrg expression in interneurons, images 
were acquired with 100X/1.44 objective and 0.75 digital zoom at 200 Hz acquisition 
speed. ROIs were imaged in a non-targeted manner in hippocampal CA1 region, 
PV+ intensity levels were not taken into account, and a minimum of 10 ROIs were 
imaged per brain slice (including > 30 cells per sample). PV+ cells were manually 
counted as positive or negative for the expression of Nrg1 or Nrg3; given that high-
magnification images provided high resolution in these analyses, the expression of 
Nrg1 or Nrg3 in PV+ cells was reliably detected. 
For the analysis of the density of endogenous Nrg puncta, images were 
acquired with 100X/1.44 objective and 0.75 digital zoom at 200 Hz acquisition 
speed, and quantitative analyses were performed using a custom macro in FIJI 
(ImageJ) software. For Nrg1 puncta density, ROIs (2,000 μm2) were analysed in 
both the stratum pyramidale and stratum radiatum, distinguished by the localisation 
of neuronal somas labelled with NeuN. Intensity-based threshold for Nrg1 signal 
was unbiasedly selected in a set of random images to detect putative puncta, and 
the same threshold was applied to all images from the same experiment. For Nrg3 
puncta density, images were processed similarly to Nrg1 density analysis, using 
the same criteria to detect and analyse the number of Nrg3+ clusters per ROI 
(24,025 μm2). In addition, to quantitatively estimate and distinguish between Nrg3+ 
clusters that are in close apposition to PV+ cells—putatively representing Nrg3-
labelled presynaptic excitatory inputs onto interneurons—and Nrg3+ clusters that 
are not in contact with PV+ cells, we used PV immunostaining to generate masks 
representing the cell bodies of PV+ interneurons. ROIs with similar proportion of 
PV+ cell body masks across genotypes were used (average, 8,561.4 μm2). ROIs 
included several PV+ cells (> 20) per cortical region and brain sample analysed, 
and PV intensity levels were not taken into account in these analyses. 
 
10. Quantification and statistical analysis 
 
All statistical analyses were performed using R Project for Statistical Computing 
(https://www.r-project.org/). For data analysis and visualisation, we used the 
‘ggplot2’ package in RStudio (https://rstudio.com/). Shapiro-Wilk test was used as 
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a normality test to compare the empirical distribution function of the data sets with 
a normal probability distribution. To test the null hypothesis that the difference 
between two independent and parametric data samples measured in control and 
experimental conditions has a mean value of zero, we used two-tailed Student’s t-
test. Mann-Whitney U-test was used as the non-parametric alternative. To analyse 
the differences among multiple experimental groups, we used one-or two-way 
analysis of variance (ANOVA) test followed by Tukey’s range test as a post hoc 
comparison test. Kruskal-Wallis test was used as the non-parametric alternative. 
Statistical significance was considered at p-values < 0.05. Data are presented as 
mean ± s.e.m (standard error of the mean). Number of cells or ROIs analysed and 
























CHAPTER 1. Study of neuregulin function in cortical 
synaptic assembly 
 
In Chapter 1, we studied the function of Nrg1 and Nrg3 in the assembly of 
inhibitory-excitatory cortical circuits. The generation of inducible conditional knock-
out (icKO) mice for Nrg1 and Nrg3 enabled us to specifically examine the role of 
Nrg1 and Nrg3 in the formation of synaptic connections that pyramidal cells 
establish with or receive from distinct classes of interneurons. These experiments 
aimed to determine whether neuregulin function in synaptic assembly is redundant 
or specific. 
 
1.1. Cellular expression of Nrg1 and Nrg3 in the cerebral cortex 
 
Previous reports have determined that, among neuregulin family members, Nrg1 
and Nrg3 are most abundantly expressed in the brain, and indicated that their 
expression is particularly enriched in the cerebral cortex (Longart et al., 2004; 
Rahman et al., 2018). Consequently, we first examined the gene expression 
patterns of Nrg1 and Nrg3 in the mouse cerebral cortex at postnatal day 30 (P30), 
an age when developing cortical circuits have largely been established. We used 
RNAscope, a recently developed in situ hybridisation assay that allows highly 
sensitive detection of RNA molecules in intact brain tissue, and found that a large 
proportion of cortical cells express Nrg1 and Nrg3 across layers 2 to 6 of the 
somatosensory cortex (Figure 11A-B). Interestingly, we observed some cortical 
cells co-expressing RNA molecules of both Nrg1 and Nrg3 as well as some cells 
expressing only one neuregulin gene (Figure 11C). To quantify the relative 
proportions of specific neuronal types that express either neuregulin gene or both, 
RNAscope can be combined with post hoc immunostaining for markers of cell 
subtypes, a methodology that is still not established in our lab and we are currently 
optimising. To overcome this limitation and gain further insight into the cell-type 
specificity pattern of neuregulin expression, I performed bioinformatic analysis of 
publicly available datasets from single-cell RNA sequencing (scRNA-seq) (Tasic 
et al., 2018) (Cell Types Database from the Allen Brain Map: https://portal.brain-




abundant expression of Nrg1 and Nrg3 in pyramidal cells across layers 2-6 of the 
cerebral cortex at adult stages (Figure 12A). Intriguingly, Nrg1 and Nrg3 are 
expressed by diverse subtypes of glutamatergic projection neurons, although at 
different expression levels (Figure 12B). Additional analysis of publicly available 
RNA-seq datasets from the developing cerebral cortex showed Nrg1 and Nrg3 
expression in pyramidal cells at P28 and P10 (Figure 12C-D) (Favuzzi et al., 2019; 
Furlanis et al., 2019). Altogether, these data ascertain that both neuregulin genes 
are expressed by pyramidal cells in the cerebral cortex throughout postnatal 
development and into adulthood. To explore whether other neuronal classes and 
subtypes express Nrg1 and Nrg3, I first explored the scRNA-seq database (Tasic 
et al., 2018), and found that a wide diversity of interneurons—including the major 
populations of PV+ basket cells, SST+ dendrite-targeting interneurons, and VIP+ 
cells—express Nrg1 and Nrg3 mRNA (Figure 13A). Notably, Nrg3 appears to 
consistently show higher levels of gene expression than Nrg1 across interneuron 
subtypes (Figure 13A). Developing PV+ interneurons also express Nrg1 and Nrg3 
mRNA, as evidenced in the RNA-seq datasets at P28 and P10 (Figure 13B-C) 
(Favuzzi et al., 2019; Furlanis et al., 2019). These data show higher Nrg3 
expression levels than Nrg1 during development in a similar manner to the adult 
cortex, a finding that reinforces the idea of a differential pattern of neuregulin 
expression in interneurons. To confirm whether neuregulins are expressed by 
interneurons at the protein level, I performed immunostaining using commercial 
antibodies against Nrg1 and Nrg3 in conditional mutant mice, where Nrg1 or Nrg3 
Figure 11 | Cellular expression of Nrg1 and Nrg3 mRNA in the mouse cerebral 
cortex assessed by RNAscope in situ hybridisation. 
(A-B) Single-molecule fluorescent in situ hybridisation with Nrg1 (A) and Nrg3 (B) 
RNAscope probes in coronal sections through somatosensory cortex at P30. Nrg1 and 
Nrg3 mRNA expression is abundantly detected across layers 2-6 in the mouse cerebral 
cortex. (C) Examples of double-colocalisation of Nrg1 (cyan) and Nrg3 (yellow) mRNA in 
nuclei counterstained with DAPI (gray) in superficial layers of the somatosensory cortex 






genes are specifically deleted from cortical pyramidal cells using a transgenic 
mouse line that expresses Cre recombinase under the control of the pyramidal cell-
specific Neurod6 promoter (Goebbels et al., 2006) (Figure 13D-G). In these 
conditional mutant mice, interneurons are the only remaining source of neuronal 
expression of either Nrg1 or Nrg3 in the cerebral cortex. By performing co-
localisation analysis, we found that the majority of PV+ interneurons at P30 
express Nrg1 and Nrg3 protein (Figure 13D-G). Intriguingly, Nrg1 protein was 
detected to be present in the cytoplasm as well as the cell surface of PV+ 
interneurons (Figure 13D), whereas Nrg3 protein was mainly located at the surface 
of PV+ cell bodies in a punctate manner (Figure 13F). Altogether, these results 
indicate that Nrg1 and Nrg3 are expressed by both pyramidal cells and 
interneurons in the cerebral cortex during postnatal development. Given the 
important role of ErbB4 in regulating the wiring of cortical interneurons and the 
abundant expression of neuregulins in pyramidal cells, we aimed to study the 
Figure 12 | Gene expression profiles of Nrg1 and Nrg3 in pyramidal cells in the 
developing and adult cerebral cortex. 
(A-B) mRNA expression of Nrg1 and Nrg3 in pyramidal cells across cortical layers at 
P56. The violin plots depict single-cell RNA-sequencing data from the Cell Types 
Database of the Allen Brain Map (http://celltypes.brain-map.org/rnaseq/mouse). Gene 
expression is averaged for all pyramidal cells per layer (A), and represented by individual 
violin plots for each cell subtype cluster (B). (C) mRNA expression of Nrg1 and Nrg3 in 
pyramidal cells at P28 from bulk RNA-seq dataset of the Scheiffele lab (https://scheiffele-
splice.scicore.unibas.ch/). Expression data are shown as normalized counts. (D) mRNA 
expression of Nrg1 and Nrg3 in pyramidal cells at P10 from bulk RNA-seq dataset of the 
Rico lab (https://devneuro.org/cdn/synapdomain.php). Expression data are shown as 






function of Nrg1 and Nrg3 in the synaptic assembly of excitatory pyramidal cells 




Figure 13 | Gene expression profiles of Nrg1 and Nrg3 in interneurons in the 
developing and adult cerebral cortex. 
(A-B) mRNA expression of Nrg1 and Nrg3 in cortical interneurons at P56. Heatmap 
representing median expression values (counts per million mapped reads, CPM) for each 
interneuron subtype clusters in the single-cell RNA-sequencing dataset from the Cell 
Types Database of the Allen Brain Map (http://celltypes.brain-map.org/rnaseq/mouse). 
(B) mRNA expression of Nrg1 and Nrg3 in PV+ interneurons at P28 from bulk RNA-seq 
dataset of the Scheiffele lab (https://scheiffele-splice.scicore.unibas.ch/). Expression data 
are shown as normalized counts. (C) mRNA expression of Nrg1 and Nrg3 in PV+ 
interneurons at P10 from bulk RNA-seq dataset of the Rico lab 
(https://devneuro.org/cdn/synapdomain.php). Expression data are shown as transcripts 
per kilobase million (TPM). (D) Coronal sections through the hippocampus processed for 
immunohistochemistry against Nrg1 (magenta), parvalbumin (PV) (green), and the 
neuronal marker NeuN (gray), and counterstained with DAPI (cyan), in conditional mutant 
mice in which Nrg1 is specifically deleted from pyramidal cells (NexCre/+;Nrg1F/F). Note the 
expression of Nrg1 protein in both the cytoplasm and the cellular surface of a PV+ 
interneuron in the high-magnification panel (right). (E) Quantification of the proportion of 
PV+ interneurons that co-express Nrg1 protein in the hippocampal CA1 region. N = 3 
mice (142 cells). (F) Coronal section through the hippocampus processed for 
immunohistochemistry against Nrg3 (magenta), parvalbumin (PV) (green), and NeuN 
(gray), and counterstained with DAPI (cyan), in conditional mutant mice in which Nrg3 is 
specifically deleted from pyramidal cells (NexCre/+;Nrg3F/F). Note the membrane 
localisation of Nrg3 protein in the cellular surface of a PV+ interneuron in the high-
magnification panel (right). (G) Quantification of the proportion of PV+ interneurons that 
co-express Nrg3 protein in the hippocampal CA1 region. N = 3 mice (146 cells).  





1.2. Generation of inducible conditional knock-out mice for Nrg1 and 
Nrg3 
 
Since Nrg1 and Nrg3 are widely expressed by diverse subtypes of pyramidal cells 
during postnatal development (Figure 12A-B), we hypothesised that these two 
homologous members of the neuregulin family may play redundant functions in the 
connectivity of these cells. To test this hypothesis, we performed genetic loss-of-
function experiments using conditional alleles for both genes. Since neuregulin 
signalling in pyramidal cells plays a role in the migration and laminar allocation of 
neocortical interneurons (Bartolini et al., 2017; Flames et al., 2004), we deleted 
Nrg1 and Nrg3 from pyramidal cells postnatally to avoid interfering with the function 
of neuregulins during embryonic stages. To this end, we bred Nex-CreERT2 mice, in 
which a tamoxifen-inducible version of Cre recombinase is under the control of the 
endogenous regulatory sequences of the pyramidal cell-specific Neurod6 locus 
(Agarwal et al., 2012), with mice carrying loxP-flanked Nrg1 or Nrg3 alleles 
(Bartolini et al., 2017; Yang et al., 2001) (Figure 8). By introducing the allele Ai9 in 
our mouse models, we were able to label pyramidal cells after recombination of 
this conditional floxed allele, which encodes the tdTomato reporter, after induction 
with tamoxifen injection in newborn pups at P0 (Figure 8B). This would allow us to 
quantify the reduction of neuregulin mRNA expression in recombined (putative 
knock-out) pyramidal cells by performing RNAscope with Nrg1 and Nrg3 probes 
followed by immunofluorescence staining against tdTomato. The latter step is 
necessary to amplify the fluorescence signal since the harsh conditions of the 
RNAscope protocol result in decreased endogenous signal of the reporter. As 
noted above, we are actively optimising the combined staining protocol with 
RNAscope probes and antibodies in order to obtain successful co-labelling of RNA 
and protein; at present, to improve labelling and image quality, better preservation 
of the tissue and improved signal-to-noise ratio is needed. This optimisation will 
allow us to quantitatively estimate the loss of neuregulin mRNA expression in the 
inducible knock-out mouse models. In a complementary control experiment, to 
determine the efficacy of recombination of floxed alleles, and therefore the deletion 
of neuregulin genes in vivo, we performed immunostaining against Nrg1 and Nrg3 
proteins in conditional mutants and control littermates using a heat-induced antigen 
retrieval protocol that enhances the signal of the labelled proteins. We found a 
marked reduction in the expression of Nrg1 and Nrg3 in conditional mutant mice 




neuregulins was still evident in some cells (Figure 14). Because the deletion of 
neuregulins is specific to pyramidal cells as mice carrying Nrg1 or Nrg3 floxed 
alleles were crossed with Nex-Cre transgenic mice, this observation is consistent 
with the notion that neuregulins are expressed by other neuronal and glial cell types 
(Figure 13) (Liu et al., 2011; Stassar et al., 2013; Rahman et al., 2018; Grieco et 
al., 2020). We performed this initial test in our conditional mutant models (Nex-Cre) 
because we previously validated the specificity of neuregulin antibodies and 
optimised the antigen retrieval immunostaining protocol using tissue samples from 
these mice; it is worth noting that the neuregulin antibodies are very sensitive to 
the histological procedure and the quality of the tissue. It will be important to further 
corroborate these tests in samples from inducible mutant mice (Nex-CreERT2), in 
which it was not possible to further optimise this protocol at the time of this 
Figure 14 | Conditional deletion of Nrg1 or Nrg3 in cortical pyramidal cells. 
(A-B) Coronal sections through the somatosensory cortex (A) and hippocampus (B) 
processed for immunohistochemistry against Nrg1 (magenta) and NeuN (cyan), and 
counterstained with DAPI (gray) in control and conditional neuregulin mutant mice.  
(C-D) Coronal sections through the somatosensory cortex (C) and hippocampus (D) 
processed for immunohistochemistry against Nrg3 (magenta) and NeuN (cyan), and 
counterstained with DAPI (gray) in control and conditional neuregulin mutant mice. 
Abbreviations: SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum.  






validation because of the time required for the breeding strategy to generate these 
animals (Figure 8). Overall, our initial results show the effective deletion of Nrg1 
and Nrg3 proteins in conditional mutant mice, and our current efforts aim to 
Figure 15 | Postnatal deletion of Nrg1 or Nrg3 in cortical pyramidal cells does not 
affect the density and distribution of cortical PV+ interneurons. 
(A) Schematic of experimental design. Conditional deletion of Nrg1 or Nrg3 in cortical 
pyramidal cells was achieved by tamoxifen (TM) injection in newly born pups at P0. (B) 
Coronal sections through the somatosensory cortex processed for immunohistochemistry 
against parvalbumin (PV) (magenta) and counterstained with DAPI (gray) in control and 
conditional neuregulin mutant mice. (C) Quantification of the distribution and density of 
PV+ cells in pyramidal cell-specific Nrg1 and Nrg3 mutant mice and control littermates at 
P30. Distribution in Nrg1 mutants: Kruskal-Wallis rank sum test, F = 0.018, P = 0.894; n = 
7 mice (63 regions of interest, ROIs) for controls and 5 mice (45 ROIs) for mutants. 
Density in Nrg1 mutants: Mann-Whitney U-test, P = 0.876; n = 7 mice (63 ROIs) for 
controls and 5 mice (45 ROIs) for mutants. Distribution in Nrg3 mutants: Kruskal-Wallis 
rank sum test, F = 0.059, P = 0.824; n = 6 mice (50 ROIs) for controls and 6 mice (51 
ROIs) for mutants. Density in Nrg3 mutants: Two-tailed Student’s t-test, P = 0.425; n = 6 
mice (50 ROIs) for controls and 6 mice (51 ROIs) for mutants. 






optimise two complementary methods—RNAscope and antibody staining—to 
corroborate and quantify the reduction in Nrg1 and Nrg3 expression in samples 
from inducible conditional knock-out mice. 
Next, we asked whether postnatal deletion of Nrg1 or Nrg3 affects cortical 
interneuron migration and laminar allocation. Since the precise time of full protein 
depletion from the neuron and therefore any impact in layer migration is difficult to 
predict, we assessed the total density and layer distribution of PV+ interneurons in 
the cortex of control and neuregulin icKO mice. We observed that postnatal 
induction of Cre recombinase in pyramidal cells does not disrupt the density and 
distribution of PV+ interneurons in Nrg1 and Nrg3 conditional mutant mice at P30 
(Figure 15). These data suggest that the general organisation and cellular 
architecture of cortical interneuron circuits develops normally in icKO mice. 
Therefore, these mice represent ideal models to investigate the precise role of 
Nrg1 and Nrg3 in pyramidal cells during the postnatal assembly of cortical circuits. 
 
1.3. Specific inhibitory synaptic deficits in Nrg1 icKO mice 
 
We first examined the function of Nrg1 and Nrg3 in the development of inhibitory 
synapses onto pyramidal cells. We analysed the two types of inhibitory synapses 
made onto pyramidal cells that are known to be altered in the absence of ErbB4 
from interneurons: synapses made by cholecystokinin (CCK+) basket cells onto 
the soma and synapses made by chandelier cells on the axon initial segment (AIS) 
(Del Pino et al., 2013, 2017). We used GAD65 and CB1R to label somatic boutons 
of CCK+ interneurons, and GAD67 to identify chandelier cell boutons on the AIS 
of pyramidal cells as labelled by pIκBɑ (Fish et al., 2011; Katona et al., 1999). To 
identify Cre-expressing pyramidal cells, we included the conditional reporter allele 
Ai9 (tdTomato) in the breeding scheme (Madisen et al., 2010) (Figure 8) (see 
Methods for selection of tdTomato+ cells). To assess CCK+ synaptic deficits, we 
focused our analysis on L2 pyramidal cells since they receive higher innervation 
compared to L3 cells (Figure 16). We observed a significant decrease in the density 
of GAD65+/CB1R+ presynaptic boutons contacting the soma of L2 pyramidal cells 
in conditional Nrg1 mutants compared to controls (Figure 17B-C). In contrast, 
deletion of Nrg3 from pyramidal cells did not affect the formation of somatic 
boutons by CCK+ basket cells (Figure 17B-C). Importantly, we did not observe 




CB1R (Figure 17D), suggesting that the deficits in somatic inhibitory inputs 
observed in Nrg1-lacking pyramidal cells are specific to a CCK+ presynaptic 
population. Differences in bouton sizes were not estimated due to lack of resolution 
in the microscopy approach used (the same limitation applies for the rest of the 
analyses in this study). Altogether, these results indicated that Nrg1, and not Nrg3, 
is required for the development of CCK+ basket cell synapses on pyramidal cells. 
We next examined the function of Nrg1 and Nrg3 in the formation of 
inhibitory axo-axonic boutons made by chandelier cells. We observed that the AIS 
of cortical L2/3 pyramidal cells lacking Nrg1 received significantly fewer GAD67+ 
boutons than in controls (Figure 18). In contrast, we found that the density of axo-
axonic boutons is unaltered following deletion of Nrg3 from L2/3 pyramidal cells 
(Figure 18). These results reinforced the idea that Nrg3 function is dispensable for 
the development of inhibitory synaptic inputs on pyramidal cells, a function that is 
mediated by Nrg1. 
To establish whether Nrg1 functions in specific inhibitory circuits that are 
dependent on ErbB4 function (chandelier and CCK+ basket cell synapses) or is 
generally required for GABAergic synaptogenesis, we analysed the number of PV+ 
Figure 16 | CCK+ synaptic innervation of pyramidal cells across layers 2 to 4 in the 
somatosensory cortex. 
(A) Confocal images showing CB1R+ (cyan) and GAD65+ (magenta) boutons contacting 
the soma of tdTomato+ pyramidal cells (gray) in the somatosensory cortex at P30. Note 
the differential innervation of pyramidal cells located in different cortical layers. Layers 
were identified by DAPI counterstaining, and pyramidal cells within L2/3 were grouped 
based on their position in the upper, middle, and lower portions across the radial axis of 
the cerebral cortex. (B-C) Quantification of the density of CB1R appositions (B) and 
GAD65+/CB1R+ boutons (C) contacting pyramidal cells across layers. Two-tailed 
Student’s t-test: ***P < 0.001, **P < 0.01, *P = 0.05; n = 11 mice (149 cells) for L2/3 
(upper portion), 11 mice (111 cells) for L2/3 (middle portion), 11 mice (74 cells) for L2/3 
(lower portion), 9 mice (38 cells) for L4.  






basket cell synapses contacting pyramidal cells lacking specific neuregulins. We 
used synaptotagmin-2 (Syt2) to specifically identify the presynaptic compartment 
of these synapses (Sommeijer and Levelt, 2012). We found no differences in the 
Figure 17 | Synaptic deficit of CB1R+ inhibitory boutons contacting the soma of 
pyramidal cells lacking Nrg1, but not Nrg3. 
(A) Schematic of experimental design. Conditional deletion of Nrg1 or Nrg3 in pyramidal 
cells (PC) was achieved by tamoxifen (TM) injection in newly born pups at P0. Inhibitory 
presynaptic boutons made by cholecystokinin (CCK)+ basket cells onto the soma of 
pyramidal cells (GAD65/CB1R) were analysed in these experiments. (B) Confocal images 
(top three panels) and binary images (bottom panel) illustrating presynaptic GABAergic 
boutons (arrowheads) labelled with GAD65 (magenta) and CB1R (cyan) contacting the 
soma of tdTomato+ pyramidal cells (gray) in controls, Nrg1 and Nrg3 conditional mutant 
mice. (C) Quantification of the density of GAD65+/CB1R+ boutons formed onto pyramidal 
cell somas in Nrg1 and Nrg3 conditional mutant mice. Two-tailed Student’s t-tests: for 
Nex-CreERT2;RCLtdT;Nrg1F, **P < 0.01; n = 5 mice (73 cells) for controls and 5 mice (94 
cells) for mutants; for Nex-CreERT2;RCLtdT;Nrg3F, P = 0.867; n = 6 mice (96 cells) for 
controls and 6 mice (100 cells) for mutants. (D) Quantification of the density of 
GAD65+/CB1R- boutons formed onto pyramidal cell somas in Nrg1 and Nrg3 conditional 
mutant mice. Two-tailed Student’s t-tests: for Nex-CreERT2;RCLtdT;Nrg1F, P = 0.963; n = 5 
mice for controls and 5 mice for mutants; for Nex-CreERT2;RCLtdT;Nrg3F, P = 0.828; n = 6 
mice for controls and 6 mice for mutants. Data are shown as mean ± s.e.m. The averages 
per animal and genotype are represented in bar graphs, and the distributions of values 






density of Syt2+ boutons or  Syt2+/Gephyrin+ synaptic puncta contacting the soma 
of L2/3 pyramidal cells between Nrg1 icKO and control mice (Figure 19). In 
addition, as expected from our previous results which suggest that Nrg3 is not 
involved in inhibitory synapse formation, we observed that pyramidal cells lacking 
Nrg3 receive a normal complement of PV+ basket cell synapses (Figure 19). 
Altogether, these results are consistent with the hypothesis that Nrg1 plays a 
predominant role in the formation of specific inhibitory connections (i.e., those 
made by chandelier cells and CCK+ basket cells). 
 
 
Figure 18 | Loss of axo-axonic boutons innervating cortical pyramidal cells lacking 
Nrg1, but not Nrg3. 
(A) Schematic of experimental design. Conditional deletion of Nrg1 or Nrg3 in pyramidal 
cells (PC) was achieved by tamoxifen (TM) injection in newly born pups at P0. GABAergic 
presynaptic boutons made by chandelier cells (ChC) onto the axon initial segment (AIS) 
of pyramidal cells (GAD67/pIκBɑ) were analysed in these experiments. (B) Confocal 
images (left panels) and binary images (right panel) showing GAD67+ boutons (magenta, 
arrowheads) contacting the AIS (pIκBɑ, cyan) of tdTomato+ pyramidal cells (gray) in 
controls, Nrg1 and Nrg3 conditional mutant mice. (C) Quantification of the density of axo-
axonic inhibitory boutons formed onto pyramidal cells in Nrg1 and Nrg3 conditional 
mutant mice. Mann-Whitney U-test: for Nex-CreERT2;RCLtdT;Nrg1F, **P < 0.01; n = 6 mice 
(178 cells) for controls and 6 mice (196 cells) for mutants. Two-tailed Student’s t-test: for 
Nex-CreERT2;RCLtdT;Nrg3F, P = 0.959; n = 5 mice (139 cells) for controls and 5 mice (127 
cells) for mutants. 
Data are shown as mean ± s.e.m. The averages per animal and genotype are 
represented in bar graphs, and the distributions of values per cell are shown in 





Figure 19 | Density of inhibitory somatic synapses formed by PV+ basket cells onto 
pyramidal cells in conditional mutant mice for Nrg1 or Nrg3. 
(A) Schematic of experimental design. Conditional deletion of Nrg1 or Nrg3 in pyramidal 
cells (PC) was achieved by tamoxifen (TM) injection in newly born pups at P0. Inhibitory 
synapses made by PV+ basket cells onto the soma of pyramidal cells (Syt2/Gephyrin) 
were analysed in these experiments. (B) Confocal images (top three panels) and binary 
images (bottom panel) illustrating inhibitory synapses labelled with Syt2+ boutons 
(magenta) in close apposition to gephyrin+ clusters (cyan) on the surface of tdTomato+ 
pyramidal cell somas (gray) in controls, Nrg1 and Nrg3 conditional mutant mice. (C) 
Quantification of the density of Syt2+ somatic boutons contacting pyramidal cells in 
controls and Nrg1 and Nrg3 conditional mutant mice. Two-tailed Student’s t-tests: for 
Nex-CreERT2;RCLtdT;Nrg1F, P = 0.803; n = 4 mice (108 cells) for controls and 4 mice (109 
cells) for mutants; for Nex-CreERT2;RCLtdT;Nrg3F, P = 0.618; n = 3 mice (70 cells) for 
controls and 3 mice (80 cells) for mutants. (D) Quantification of the density of 
Syt2+/Gephyrin+ synapses formed onto contacting pyramidal cells in controls and Nrg1 
and Nrg3 conditional mutant mice. Two-tailed Student’s t-tests: for Nex-
CreERT2;RCLtdT;Nrg1F, P = 0.828; n = 4 mice (108 cells) for controls and 4 mice (109 cells) 
for mutants; for Nex-CreERT2;RCLtdT;Nrg3F, P = 0.609; n = 3 mice (139 cells) for controls 
and 5 mice (127 cells) for mutants. 
Data are shown as mean ± s.e.m. The averages per animal and genotype are 
represented in bar graphs, and the distributions of values per cell are shown in 






1.4. Selective excitatory synaptic alteration in Nrg3 icKO mice 
 
We next investigated the role of neuregulins in the assembly of excitatory synapses 
onto PV+ interneurons, since ErbB4 is located at these synapses and is essential 
for their formation (Del Pino et al., 2013, 2017; Fazzari et al., 2010; Ting et al., 
2011). We quantified the density of VGlut1+/PSD95+ synapses within the 
population of tdTomato-expressing axonal terminals contacting PV+ interneurons 
of the somatosensory cortex of control and icKO mutant mice at P30. PV+ cells 
 
 
Figure 20 | Excitatory synaptic deficit in cortical pyramidal cells lacking Nrg3, but 
not Nrg1. 
(A) Schematic of experimental design. Conditional deletion of Nrg1 or Nrg3 in pyramidal 
cells (PC) was achieved by tamoxifen (TM) injection in newly born pups at P0. Excitatory 
synapses (VGlut1/PSD95) made by tdTomato+ pyramidal cell axons onto the soma of 
PV+ interneurons were analysed in these experiments. (B) Confocal images (top three 
panels) and binary images (bottom panel) illustrating presynaptic VGlut1+ puncta (blue) 
within tdTomato+ axons (red) of pyramidal cells located in close apposition to PSD95+ 
clusters (green) in PV+ interneurons (gray) in controls, Nrg1 and Nrg3 conditional mutant 
mice. (C) Quantification of the density of VGlut1+/PSD95+/tdTomato+ synapses 
contacting PV+ interneurons in Nrg1 and Nrg3 conditional mutant mice. Two-tailed 
Student’s t-tests: for Nex-CreERT2;RCLtdT;Nrg1F, P = 0.993; n = 5 mice (101 cells) for 
controls and 5 mice (110 cells) for mutants; for Nex-CreERT2;RCLtdT;Nrg3F, **P < 0.01; n = 
6 mice (126 cells) for controls and 6 mice (123 cells) for mutants. 
Data are shown as mean ± s.e.m. The averages per animal and genotype are 
represented in bar graphs, and the distributions of values per cell are shown in 




were selected within L2/3, prior to imaging of the other synaptic markers, and 
independent on PV intensity levels (see Methods for further description of PV+ cell 
selection). We found that conditional deletion of Nrg1 from pyramidal cells does 
not alter the density of excitatory synapses that these neurons make onto PV+ 
interneurons (Figure 20). In contrast, we observed a significant reduction in the 
density of excitatory synapses targeting PV+ interneurons when pyramidal cells 
lacked Nrg3 (Figure 20). Of note, quantification of VGlut1+/PSD95+ synapses that 
did not contain tdTomato (i.e., arising from non-recombined, wild-type pyramidal 
neurons) revealed comparable values between control and icKO mutant mice 
(Figure 21). These results reinforced the notion that synaptic deficits in neuregulin 
icKO mutant mice are cell autonomous.  
 
1.5. Specificity of neuregulin synaptic function revealed by gain-of-
function experiments 
 
To further demonstrate the specificity of the synaptic deficits observed in Nrg1 and 
Nrg3 icKO mice, we performed gain-of-function experiments by electroporating 
plasmids encoding for Nrg1 or Nrg3 into pyramidal cell progenitors of the mouse 
brain embryo at E14.5. Electroporated pyramidal neurons were labelled by the 
expression of GFP, which was contained in the same plasmids. Then, we 
quantified the densities of inhibitory and excitatory synapses made onto or by 
Figure 21 | Cell-autonomous requirement of Nrg3 in excitatory synapse 
development. 
(A) Schematic of experimental design. Conditional deletion of Nrg1 or Nrg3 in pyramidal 
cells (PC) was achieved by tamoxifen (TM) injection in newly born pups at P0. (B) 
Quantification of the density of VGlut1+/PSD95+ synapses that do not arise from 
tdTomato+ pyramidal cell axons at P30 in Nrg1 and Nrg3 conditional mutant mice. Two-
tailed Student’s t-tests: for Nex-CreERT2;RCLtdT;Nrg1F, P = 0.360; n = 5 mice (101 cells) for 
controls and 5 mice (110 cells) for mutants; for Nex-CreERT2;RCLtdT;Nrg3F, P = 0.940; n = 
6 mice (126 cells) for controls and 6 mice (123 cells) for mutants. 
Data are shown as mean ± s.e.m. The averages per animal and genotype are 






Figure 22 | Gain-of-function experiments show the specificity of Nrg1 and Nrg3 in 
inhibitory and excitatory synapse formation. 
(A) Schematic of experimental design. Plasmids encoding for Nrg1 or Nrg3 and GFP 
were electroporated in pyramidal cell progenitors at E14.5, and the density of inhibitory 
and excitatory synapses that pyramidal cells receive or make onto interneurons was 
analysed at P30. (B) Confocal images (top three panels) and binary images (bottom 
panel) illustrating presynaptic boutons co-labelled with GAD65 (magenta) and CB1R 
(cyan) innervating the soma of GFP+ pyramidal cells (grey) in electroporation 
experiments. (C) Quantification of the density of GAD65+/CB1R+ boutons contacting 
GFP+ pyramidal cells in gain-of-function experiments. One-way ANOVA: F = 11.100, P < 
0.01. Tukey’s range test for post hoc comparison between control and experimental 
groups: for pSyn-Nrg1-pSyn-Gfp, **P < 0.01; for pSyn-Nrg3-pSyn-Gfp, P = 0.976; n = 5 
mice (80 cells) for pSyn-Gfp (control), 4 mice (61 cells) for pSyn-Nrg1-pSyn-Gfp, 5 mice 
(87 cells) for pSyn-Nrg3-pSyn-Gfp. (E) Confocal images (top three panels) and binary 
images (bottom panel) illustrating presynaptic VGlut1+ puncta (blue) in GFP+ axons (red) 
of pyramidal cells located in close apposition to PSD95+ clusters (green) in PV+ 
interneurons (gray) in electroporation experiments. (F) Quantification of the density of 
VGlut1+/PSD95+/GFP+ synapses contacting PV+ interneurons in gain-of-function 
experiments. One-way ANOVA: F = 22.120, P < 0.001. Tukey’s range test for post hoc 
comparison between control and experimental groups: for pSyn-Nrg1-pSyn-Gfp, P = 
0.999; for pSyn-Nrg3-pSyn-Gfp, ***P < 0.001; n = 8 mice (147 cells) for pSyn-Gfp 
(control), 5 mice (116 cells) for pSyn-Nrg1-pSyn-Gfp, 6 mice (101 cells) for pSyn-Nrg3-
pSyn-Gfp. 
Data represent mean s.e.m. The averages per animal and genotype are represented in 
bar graphs, and the distributions of values per cell are shown in cumulative frequency 







GFP+ pyramidal cells at P30. We observed that overexpression of Nrg1 resulted 
in a significant increase of somatic GAD65+/CB1R+ boutons innervating pyramidal 
cells, while Nrg3 overexpression did not change the density of these synaptic 
inputs (Figure 22B-C). In contrast, axonal excitatory synapses that pyramidal cells 
form onto PV+ interneurons were specifically augmented by overexpression of 
Nrg3, but not Nrg1 (Figure 22D-E). Altogether, these data add further support to 
the notion that Nrg1 and Nrg3 function in cortical pyramidal cells to induce the 
formation of inhibitory and excitatory synapses, respectively. 
 
In conclusion, in chapter 1 we used a mouse genetic strategy and a gain-of-
function approach to test the idea that two members of the gene family of ErbB4 
ligands, neuregulins, act either in combination or in a non-redundant manner to 
specify the intricate connectivity required for cortical circuit function. Results 
presented here show that Nrg1 specifically control the development of inhibitory 
boutons that basket and chandelier cells make onto pyramidal cells, whereas Nrg3 
selectively regulate the formation of excitatory synapses in pyramidal cell axons 
innervating cortical interneurons. Thus, two family-related synaptic proteins have 
segregated functions in the assembly of pyramidal cell-interneuron circuits during 





CHAPTER 2. Subcellular distribution of Nrg1 and Nrg3 
in cortical pyramidal cells 
 
In Chapter 2, we asked whether the segregated functions of Nrg1 and Nrg3 in 
inhibitory and excitatory synapse formation could be due to their differential 
subcellular localisation in pyramidal cells in the cerebral cortex. To this end, I tested 
various techniques including standard immunohistochemical procedures, 
CRISPR/Cas9-based knock-in methodologies, and in vivo exogenous expression 
experiments through in utero electroporation in the mouse brain embryo. 
Surface cell-adhesion proteins can specifically regulate brain connections 
according to their subcellular localisation, as shown in recent studies (Condomitti 
et al., 2018; Sando et al., 2019). Likewise, the precise targeting of neuregulins to 
specific subcellular compartments in cortical neurons could determine their 
differential function in the assembly of cortical circuits. We hypothesised that Nrg1 
and Nrg3 differentially control the development of inhibitory and excitatory 
synapses in cortical circuits because they are targeted to different subcellular 
compartments in pyramidal cells. To test this hypothesis, we investigated whether 
Nrg1 and Nrg3 proteins are heterogeneously distributed in pyramidal cells. As a 
first approach, we performed a heat-induced antigen retrieval immuno-
histochemistry protocol in coronal sections of the mouse brain at P30 using 
antibodies against Nrg1 and Nrg3. Antigen specificity of these antibodies was 
validated in a previous test where we stained samples from wild-type littermates 
and conditional mutant mice in which Nrg1 and Nrg3 have been conditionally 
deleted from cortical pyramidal cells (NexCre/+;Nrg1F/F and NexCre/+;Nrg3F/F mice, 
respectively) (Figure 14). To explore the subcellular distribution of Nrg1 and Nrg3 
in vivo, endogenous protein expression was analysed in the hippocampus, a 
cortical region with segregated location of somas and neurites. On the one hand, 
a high density of Nrg1-labelled puncta was specifically decreased within the 
stratum pyramidale in CA1, a typical targeting area of inhibitory somatic synapses 
where the cell bodies of pyramidal cells are located (Figure 23A-D). The density of 
Nrg1+ puncta in the stratum radiatum, an area where neurites from pyramidal cells 
are predominantly found, was much lower and did not differ between mutant mice 
and control littermates (Figure 23A-D). Our results indicate that Nrg1 expression is 
concentrated in the hippocampal layer where pyramidal cell somas reside. 




GAD65+ inhibitory boutons (Figure 23E-F). On the other hand, Nrg3+ clusters 
were found to be highly enriched in contact to the somatodendritic compartment of 
PV+ interneurons, both in the hippocampus and neocortex (Figure 24). Nrg3 
expression around PV+ interneurons was dramatically reduced in Nrg3 conditional 
mutant mice (Figure 24A-C). Notably, Nrg3+ clusters were found to be precisely 
located within VGlut1+ presynaptic boutons contacting PV+ interneurons (Figure 
24D-E). This remarkable expression of Nrg3 in excitatory inputs innervating cortical 
PV+ interneurons is in agreement with previous findings (Muller et al., 2018). 
Figure 23 | Localisation of endogenous Nrg1 in somas of cortical neurons, and 
specific targeting to inhibitory GABAergic clusters. 
(A) Expression of endogenous Nrg1 protein (magenta) in the hippocampus of wild-type 
mice at P30, co-stained with NeuN marker (green) to label the cell bodies of neurons. 
The bottom panel depicts Nrg1 staining in a color-inverted image. Note the intense 
expression of Nrg1 along the Stratum Pyramidale in CA1 region, where the somas of 
pyramidal cells reside. (B-C) Coronal sections through CA1 region of Nex+/+;Nrg1F/F (B) 
and NexCre/+;Nrg1F/F (C) mice at P30. Sections were processed for immunohistochemistry 
against Nrg1 (magenta) and NeuN (green). The high-magnification images illustrate 
Nrg1+ puncta expression within the stratum pyramidale and stratum radiatum. Note that 
endogenous Nrg1 protein is abundantly expressed in the stratum pyramidale, where the 
somas of pyramidal cells are located. (D) Quantification of the density of Nrg1+ clusters in 
regions of interest (ROIs) in both the stratum pyramidale and stratum radiatum of 
conditional mutant mice and wild-type littermates. Stratum pyramidale: Two-tailed 
Student’s t-test, ***P < 0.001, n = 4 mice (40 ROIs) for Nex+/+;Nrg1F/F, n = 4 mice (40 
ROIs) for NexCre/+;Nrg1F/F. Stratum radiatum: Two-tailed Student’s t-test, P = 0.980, n = 4 
mice (40 ROIs) for Nex+/+;Nrg1F/F, n = 4 mice (40 ROIs) for Nex+/+;Nrg1F/F. Two-tailed 
Student’s t-test between stratum pyramidale and stratum radiatum in wild-type mice,    
***P < 0.001. (E) Schematic illustrating the synaptic innervation of GABAergic boutons 
(labelled with the presynaptic marker GAD65) onto the somatic compartment of cortical 
pyramidal cells. (F) Colocalisation of endogenous Nrg1 (magenta) with GAD65 (cyan) in 
the soma of NeuN+ cells in both the cerebral cortex (left) and the hippocampus (right). 
Data are shown as mean ± s.e.m. Scale bar, 100 µm (A), 20 µm (B-C) and 10 µm (high 






Figure 24 | Localisation of endogenous Nrg3 in the neuropil of the neocortex, and 
specific targeting to excitatory presynaptic boutons innervating PV+ interneurons. 
(A) Coronal sections through CA1 region (top) and cerebral cortex (bottom) of 
Nex+/+;Nrg3F/F and NexCre/+;Nrg3F/F mice at P30. Sections were processed for 
immunohistochemistry against Nrg3 (magenta) and PV (green). Endogenous Nrg3 
protein is primarily found as a punctate pattern in close apposition to PV+ cell bodies. 
Note that the conditional deletion of Nrg3 is driven by the transgenic line NexCre, which 
only recombines the LoxP site-flanked Nrg3 allele in pyramidal cells. Therefore, Nrg3 
expression by PV+ cells can still be appreciated in the neocortex of this conditional KO 
model. (B) Quantification of the total density of Nrg3+ clusters in regions of interest 
(ROIs) in the CA1 region of conditional mutant mice and wild-type littermates, and 
quantification of the density of Nrg3+ clusters in apposition to, or not in contact with, PV+ 
cell bodies. All clusters: Two-tailed Student’s t-test, ***P < 0.001, n = 3 mice (36 ROIs) for 
Nex+/+;Nrg3F/F, n = 3 mice (36 ROIs) for Nex6Cre/+;Nrg3F/F. In contact with PV+ cells: Two-
tailed Student’s t-test, ***P < 0.001, n = 3 mice (44 ROIs) for Nex+/+;Nrg3F/F, n = 3 mice 
(36 ROIs) for NexCre/+;Nrg3F/F. Not in contact with PV+ cells: Two-tailed Student’s t-test, 
***P < 0.001, n = 3 mice (36 ROIs) for Nex+/+;Nrg3F/F, n = 3 mice (36 ROIs) for 
NexCre/+;Nrg3F/F. (C) Quantification of the total density of Nrg3+ clusters in regions of 
interest (ROIs) in the cerebral cortex of conditional mutant mice and wild-type littermates, 
and quantification of the density of Nrg3+ clusters in apposition to, or not in contact with, 
PV+ cell bodies. All clusters: Two-tailed Student’s t-test, ***P < 0.001, n = 3 mice (36 
ROIs) for Nex+/+;Nrg3F/F, n = 3 mice (36 ROIs) for NexCre/+;Nrg3F/F. In contact with PV+ 
cells: Two-tailed Student’s t-test, ***P < 0.001, n = 3 mice (36 ROIs) for Nex+/+;Nrg3F/F, n 
= 3 mice (36 ROIs) for NexCre/+;Nrg3F/F. Not in contact with PV+ cells: Two-tailed  




Altogether, these data indicate that the endogenous expression patterns of Nrg1 
and Nrg3 are strikingly different in the cerebral cortex and suggest that they might 
be differentially distributed in specific compartments of pyramidal cells. Therefore, 
we then decided to develop techniques to study the subcellular localisation of 
neuregulins in single pyramidal cells. 
We devised a CRISPR/Cas9-mediated endogenous protein tagging 
strategy, based on a published technique named SLENDR (Mikuni et al., 2016), to 
tag neuregulins with an HA tag epitope in vivo and monitor the resulting tagged 
proteins in single pyramidal cells in cortical circuits. We generated plasmids 
encoding for gRNAs and Cas9 protein in order to edit the specific N- and C-terminal 
regions of Nrg1 and Nrg3 loci after in utero electroporation of pyramidal cell 
progenitors at E14.5. We co-electroporated single-strand oligonucleotides that 
contain an HA tag epitope flanked by 70-90 base pair arms homologous to the 
targeted region of the genome. An initial test of this strategy resulted in 
Student’s t-test, **P = 0.01, n = 3 mice (36 ROIs) for Nex+/+;Nrg3F/F, n = 3 mice (36 ROIs) 
for NexCre/+;Nrg3F/F. (D) Schematic illustrating the synaptic innervation of glutamatergic 
boutons (labelled with the presynaptic marker VGlut1) onto cortical PV+ interneurons. (E) 
Colocalisation of endogenous Nrg3 (magenta) with VGlut1 (green) within excitatory inputs 
innervating PV+ interneurons in the neocortex. 






Figure 25 | Validation of CRISPR/Cas9-mediated endogenous tagging of Nrg1 and 
Nrg3 in cortical pyramidal cells in vivo. 
(A) In vitro test to evaluate the efficiency in DNA cutting of sgRNA constructs in cultured 
N2a cells by the T7-endonuclease assay (left). The gel shows the absence of DNA 
cutting in transfected conditions similar to the control experiment (right). (B) In vivo 
validation of the CRISPR/Cas9 constructs (sgRNA#1 in (A)) together with single-stranded 
oligonucleotides for HA integration in the Nrg3 loci. (C) Electroporated brain section 
stained with anti-GFP (green) and anti-HA (magenta).  




unsuccessful labelling of the endogenous protein in cortical pyramidal cells (Figure 
25A-B). When we tested the editing efficiency of the designed gRNAs in vitro after 
transfection of the plasmids into N2a cells, we detected absence of DNA cutting 
(Figure 25C). It has been noticed that gRNAs targeting distinct regions of the same 
gene might show different efficiencies of DNA editing (Mikuni et al., 2016; 
Nishiyama et al., 2017), which implies that further testing of various gRNAs 
targeting different genomic regions within Nrg1 and Nrg3 loci will be required. 
Besides, it has been previously reported that this method yields a low percentage 
of tagging efficiency (Mikuni et al., 2016). Since novel CRISPR-based knock-in 
methodologies have been recently developed that could potentially overcome 
current technical limitations (Gao et al., 2019; Willems et al., 2019), future work will 
be required to successfully tag neuregulin proteins in the mouse brain in vivo. 
In order to characterise pyramidal cell-specific subcellular distribution of 
neuregulins, we generated new molecular tools to be specifically delivered and 
expressed into pyramidal cells in vivo. We cloned plasmids encoding for Nrg1 or 
Nrg3 with a single HA tag epitope inserted into the extracellular region of the 
protein. These plasmids also contained a GFP gene to label the cell bodies of the 
electroporated neurons. We used in utero electroporation to express these 
constructs in cortical pyramidal cell progenitors at E14.5 and monitor the 
localisation of both proteins at specific subcellular compartments (Figure 26A). 
When examining the expression patterns of HA-tagged neuregulin proteins in 
upper layers of the somatosensory cortex at P21, we found that Nrg1 and Nrg3 
exhibit differential subcellular localisation in pyramidal cells: Nrg1 is spatially 
restricted to the perisomatic compartment of pyramidal cells, whereas Nrg3 is 
highly enriched in the neuropil (Figure 26B). Quantification of the percentage of 
HA+/GFP+ somas shows that the vast majority of pyramidal cells target Nrg1 
protein to their somatic compartment, whereas Nrg3 is rarely found in somas 
(Figure 26C). Analysis of the overlapping area of HA+ signal in GFP+ neuronal 
processes shows that Nrg3, but not Nrg1, is abundantly expressed in the neuropil 
of the electroporated pyramidal cells (Figure 26C). These results revealed a 
segregated targeting of Nrg1 and Nrg3 to distinct subcellular compartments within 
cortical pyramidal cells. 
We next explored the synaptic localisation of Nrg1 and Nrg3 with markers 
of inhibitory and excitatory synapses. We observed that Nrg1+ puncta colocalise 
in synaptic clusters with gephyrin, a scaffolding protein present in the postsynaptic 




often opposed to presynaptic markers of inhibitory cells, such as CB1R, GAD65, 
and GAD67, targeting the soma and AIS of pyramidal cells (Figure 27C-H). 
Colocalisation of HA-tagged Nrg1 with Syt2, a marker for PV+ basket cell 
synapses, was not tested since we did not observe any changes in the density of 
these synaptic inputs onto pyramidal cell somas in Nrg1 icKO mice (Figure 19). In 
contrast, we found that HA-tagged Nrg3 colocalises to boutons expressing VGlut1, 
a characteristic presynaptic protein of excitatory glutamatergic synapses, that 
contact neighbouring parvalbumin-expressing (PV+) interneurons (Figure 28C-D). 
GFP+ axon terminals from electroporated L2/3 pyramidal cells also expressed HA-
tagged Nrg3 in their presynaptic boutons innervating L5 PV+ interneurons, 
Figure 26 | Distinct subcellular distribution of Nrg1 and Nrg3 in cortical pyramidal 
cells during postnatal development. 
(A) Schematic of experimental design. Plasmids encoding HA-tagged neuregulins and 
GFP were electroporated in pyramidal cell progenitors at E14.5, and the subcellular 
localisation of neuregulins was analysed at P21. (B) Coronal sections through 
somatosensory cortex of P21 mice following in utero electroporation of pSyn-Nrg1-pSyn-
Gfp or pSyn-Nrg3-pSyn-Gfp plasmids at E14.5. Sections were processed for 
immunohistochemistry against GFP (green) and HA (magenta) and counterstained with 
DAPI (gray). The high-magnification images illustrate the localisation of HA-tagged 
neuregulins in GFP+ pyramidal cells. The bottom panel depicts HA staining in a colour-
inverted image. Dotted squares indicate the localisation of the cells shown in the high 
magnification images. (C) Quantification of the localisation of HA+ neuregulin in the soma 
and neuropil of GFP+ pyramidal cells. Soma: Two-tailed Student’s t-test, ***P < 0.001; n 
= 4 mice (32 regions of interest, ROIs) for pSyn-Nrg1-pSyn-Gfp, n = 4 mice (32 ROIs) for 
pSyn-Nrg3-pSyn-Gfp. Neuropil: Two-tailed Student’s t-test, ***P < 0.001; n = 4 mice (32 
ROIs) for pSyn-Nrg1-pSyn-Gfp, n = 4 mice (32 ROIs) for pSyn-Nrg3-pSyn-Gfp. 
Data from the distributions of ROIs are shown as box plots, and the adjacent data points 
and lines represent the averages per animal and averaged mean per group, respectively. 






a natural target of superficial pyramidal cells in the cerebral cortex (Figure 28E-F). 
Notably, Nrg3+ puncta innervating PV+ interneurons were opposed to postsynaptic 
clusters expressing PSD95, the major scaffolding protein in the excitatory 
postsynaptic density (Figure 28H). We also detected that most postsynaptic 
densities labelled by ErbB4 in PV+ interneurons were contacted by Nrg3+ boutons 
from GFP+ axon terminals (Figure 27I-J). Importantly, these findings are 
Figure 27 | Synaptic targeting of Nrg1 to inhibitory postsynaptic clusters in the 
perisomatic compartment of pyramidal cells. 
(A) Schematic of experimental design. Plasmids encoding HA-tagged neuregulins and 
GFP were electroporated in pyramidal cell progenitors at E14.5, and the synaptic 
colocalisation of neuregulins with different synaptic markers was analysed at P21. (B-E) 
Somatic Nrg1+ clusters (magenta) colocalise with the postsynaptic marker gephyrin 
(cyan) (B), and are found in close proximity to presynaptic GABAergic boutons (cyan) 
labelled by CB1R (C), GAD65 (D), and GAD67 (E). (F) Colocalisation of HA-tagged Nrg1 
(left) and HA-tagged Nrg3 (right) (magenta) with soma-targeting GAD65+ boutons (cyan) 
in electroporated GFP+ pyramidal cells (green). The bottom panel depicts HA staining in 
a color-inverted image. The high-magnification images illustrate the localization of HA-
tagged neuregulins contacted by presynaptic GAD65+ boutons. (G) Quantification of the 
proportion of GAD65+ boutons that colocalise with HA-tagged Nrg clusters within the 
soma of electroporated GFP+ pyramidal cells. Two-tailed Student’s t-test: ***P < 0.001; n 
= 4 mice (34 cells) for pSyn-Nrg1-pSyn-Gfp, n = 4 mice (32 cells) for pSyn-Nrg3-pSyn-
Gfp. (H) Nrg1+ clusters (magenta) are also found in the axon initial segment (cyan) of 
pyramidal cells. Abbreviations: BC, basket cell; ChC, chandelier cell; PC, pyramidal cell. 
Data represent mean ± s.e.m. The average per animal and electroporation condition are 







Figure 28 | Synaptic targeting of Nrg3 to presynaptic boutons in pyramidal cell 
axons in the cerebral cortex. 
(A-B) Schematic of experimental design. Plasmids encoding HA-tagged neuregulins and 
GFP were electroporated in pyramidal cell progenitors at E14.5 (A), and the synaptic 
colocalisation of neuregulins with glutamatergic presynaptic boutons within GFP+ axon 
terminals was analysed at P21 (B). (C) Colocalisation of HA-tagged Nrg1 (left) and HA-
tagged Nrg3 (right) (red) with presynaptic VGlut1+ boutons (blue) in GFP+ pyramidal cell 
axons (green) contacting PV+ interneurons. The color-inverted images correspond to HA 
staining and illustrate the localisation of HA-tagged Nrg clusters opposed to PV+ cell 
bodies. The high-magnification images illustrate the colocalisation of HA-tagged 
neuregulins with excitatory VGlut1+ boutons. (D) Quantification of the proportion of 
VGlut1+ boutons that colocalise with HA-tagged Nrg clusters in axon terminals of 
electroporated GFP+ pyramidal cells. Two-tailed Student’s t-test: ***P < 0.001; n = 4 mice 
(40 cells) for pSyn-Nrg1-pSyn-Gfp, n = 4 mice (50 cells) for pSyn-Nrg3-pSyn-Gfp. (E) 
Colocalisation of HA-tagged Nrg1 (left) and HA-tagged Nrg3 (right) (red) with presynaptic 
VGlut1+ boutons (blue) in GFP+ pyramidal cell axons (green) contacting PV+ 
interneurons (gray) in L5. (F) Quantification of the proportion of VGlut1+ boutons that 
colocalise with HA-tagged neuregulin clusters in axons of electroporated pyramidal cells 
contacting L5 PV+ cells. Two-tailed Student’s t-test: ***P < 0.001; n = 4 mice (42 cells) for 
pSyn-Nrg1-pSyn-Gfp, n = 4 mice (34 cells) for pSyn-Nrg3-pSyn-Gfp. (G) Synaptic 




Figure 29 | Differential subcellular compartmentalisation and synaptic targeting of 
Nrg1 and Nrg3 in cortical pyramidal cells. 
(A) Schematic drawing illustrates the subcellular localisation of Nrg1, Nrg3, and ErbB4 in 
cortical circuits. 
are consistent with the analysis of endogenous neuregulin expression (Figures 23-
24), and further support the notion that neuregulins exhibit specific subcellular 
distributions in the mouse neocortex in vivo. In conclusion, our data demonstrate 
that Nrg1 and Nrg3 are differentially targeted to inhibitory and excitatory synapses, 
respectively, in cortical pyramidal cells (Figure 29). 
 
In conclusion, the results from Chapter 2 show the subcellular logic of Nrg1 and 
Nrg3 beyond their abundant cellular expression in cortical pyramidal neurons. 
These experiments reveal a striking segregation in the subcellular distribution of 
neuregulins in cortical pyramidal cells: Nrg1 is enriched in the postsynaptic 
specialisation of inhibitory synapses targeting the soma of pyramidal cells, 
whereas Nrg3 is mostly restricted to excitatory presynaptic terminals contacting 
interneurons. The differential subcellular localisation of Nrg1 and Nrg3 in the 
somatic and axonal compartments of pyramidal cells, respectively, is consistent 
with the specific inhibitory and excitatory synaptic deficits reported in Chapter 1. 
Altogether, these data suggest the hypothesis that the subcellular targeting of both 
neuregulins to the cell surface is regulated by a differential sorting. 
 
 
colocalisation of neuregulins with markers of the postsynaptic density was analysed in 
PV+ cell somas at P21. (H-I) Axonal Nrg3+ clusters (blue) are found in close apposition 
to postsynaptic densities (red) labelled by PSD95 (H) and ErbB4 (I). (J) . Quantification of 
the density of synapses, co-labelled with HA-tagged Nrg3 and GFP at the presynaptic 
site and ErbB4 at the postsynaptic site, innervating PV+ cell somas (left), and the 
proportion of ErbB4+ postsynaptic densities within PV+ interneurons that are contacted 
by HA+/GFP+ presynaptic boutons (right). 
Data represent mean ± s.e.m. The average per animal and electroporation condition are 






CHAPTER 3. Mechanisms of synaptic sorting and 
function of Nrg1 and Nrg3 
 
In Chapter 3, we explored the mechanisms of neuregulin synaptic function within 
the specific subcellular compartments identified in the previous chapter. In utero 
electroporation of mutant Nrg constructs provided us with a robust gain-of-function 
paradigm to interrogate which protein domains of Nrg1 and Nrg3 determine the 
observed subcellular selectivity in synapse formation. 
 
3.1. Compartment-specific dependence of neuregulin function in 
synapse formation 
 
Despite the various important roles of Nrg/ErbB4 signalling pathway in brain 
development, the mechanisms of action of different neuregulins have remained 
largely unclear. The extracellular EGF-like domain of neuregulins binds to ErbB4 
homo- or heterodimers, inducing tyrosine phosphorylation of its kinase domains 
and triggering several intracellular signalling cascades. Hence, the signalling 
capacity of neuregulins depends on their extracellular EGF-like domain. Nrg1 and 
Nrg3 are targeted to distinct compartments in cortical pyramidal cells to 
presumably interact with pre- or postsynaptic ErbB4 receptors expressed in 
interneurons, respectively. Therefore, it is plausible that synaptogenic signalling in 
inhibitory and excitatory cortical synapses might differ characteristically based on 
Nrg/ErbB4 binding properties. Interestingly, the EGF-like domain of Nrg1 activates 
ErbB4 tyrosine kinase signalling with nanomolar affinity in an in vitro assay, 
whereas the EGF-like domain of Nrg3 appears to be a poor signalling molecule 
(Müller et al., 2018). Are the differential binding properties of these two ligands 
physiologically relevant in vivo, and are differences in Nrg/ErbB4 signalling 
necessary to specify inhibitory and excitatory synaptogenesis? 
To address these questions, we generated HA-tagged constructs of Nrg1 
and Nrg3 in which we swapped their EGF-like domains and performed in utero 
electroporation to express them in pyramidal cells. We observed that both chimeric 
constructs were efficiently expressed and transported to the subcellular 




Figure 30 | Neuregulin-dependent synapse formation requires compartment-
specific localisation but not receptor binding differences in the EGF-like domain. 
(A) Coronal sections through somatosensory cortex of P30 mice following in utero 
electroporation of pSyn-Nrg1EGF:Nrg3-pSyn-Gfp or pSyn-Nrg3EGF:Nrg1-pSyn-Gfp plasmids at 
E14.5. Sections were processed for immunohistochemistry against GFP (green) and HA 
(magenta) and counterstained with DAPI (grey). The high-magnification images illustrate 
the localisation of HA-tagged neuregulins in GFP+ pyramidal cells. The bottom panel 
depicts HA staining in a colour-inverted image. Dotted squares indicate the localisation of 
the cells shown in the high-magnification images. The schematics illustrate the structure 
of the chimeric neuregulins in which the EGF-like domain was swapped between Nrg1 
and Nrg3. (B) Quantification of the localisation of HA+ neuregulin in the soma and 
neuropil of GFP+ pyramidal cells. Soma: Two-tailed Student’s t-test: ***P < 0.001; n = 5 
mice (40 regions of interest, ROIs) for pSyn-Nrg1EGF:Nrg3-pSyn-Gfp, n = 5 mice (40 ROIs) 
for pSyn-Nrg3EGF:Nrg1-pSyn-Gfp. Neuropil: Two-tailed Student’s t-test, ***P < 0.001, n = 5 
mice (40 ROIs) for pSyn-Nrg1EGF:Nrg3-pSyn-Gfp, n = 5 mice (40 ROIs) for pSyn-
Nrg3EGF:Nrg1-pSyn-Gfp. (C) Confocal images (top three panels) and binary images (bottom 
panel) illustrating presynaptic boutons co-labelled with GAD65 (magenta) and CB1R 
(cyan) innervating the soma of GFP+ pyramidal cells (grey) in EGF-like domain swapping 
experiments. (D) Quantification of the density of GAD65+/CB1R+ boutons contacting 
GFP+ pyramidal cells in chimeric gain-of-function experiments. One-way ANOVA: F = 
23.260, P < 0.001. Tukey’s range test for post hoc comparison between control and 
experimental groups: for pSyn-Nrg1EGF:Nrg3-pSyn-Gfp, P = 0.997; for pSyn-Nrg3EGF:Nrg1-
pSyn-Gfp, , ***P < 0.001; n = 4 mice (71 cells) for pSyn-Gfp (control), 6  




the ErbB4-activating EGF-like domain of Nrg3 (Nrg1EGF:Nrg3) localised to the soma, 
whereas Nrg3 carrying the ErbB4-activating EGF-like domain of Nrg1 (Nrg3EGF:Nrg1) 
localised to the neuropil (Figure 30A-B). In addition, synaptic targeting of 
Nrg1EGF:Nrg3 to inhibitory postsynaptic sites and of Nrg3EGF:Nrg1 to excitatory 
presynaptic boutons was similar to that observed with Nrg1 and Nrg3 wild-type 
constructs (Figures 31 and 32). 
 
mice (110 cells) for pSyn-Nrg1EGF:Nrg3-pSyn-Gfp, 5 mice (88 cells) for pSyn-Nrg3EGF:Nrg1-
pSyn-Gfp. (E) Confocal images (top three panels) and binary images (bottom panel) 
illustrating presynaptic VGlut1+ puncta (blue) in GFP+ axons (red) of pyramidal cells 
located in close apposition to PSD95+ clusters (green) in PV+ interneurons (gray) in 
EGF-like domain swapping experiments. (F) Quantification of the density of 
VGlut1+/PSD95+/GFP+ synapses contacting PV+ interneurons in chimeric gain-of-
function experiments. One-way ANOVA: F = 21.730, P < 0.001. Tukey’s range test for 
post hoc comparison between control and experimental groups: for pSyn-Nrg1EGF:Nrg3-
pSyn-Gfp, P = 0.999; for pSyn-Nrg3EGF:Nrg1-pSyn-Gfp, ***P < 0.001; n = 8 mice (143 cells) 
for pSyn-Gfp (control), 6 mice (94 cells) for pSyn-Nrg1EGF:Nrg3-pSyn-Gfp, 6 mice (96 cells) 
for pSyn-Nrg3EGF:Nrg1-pSyn-Gfp. 
Data from the distributions of ROIs are shown as box plots, and the adjacent data points 
and lines represent the averages per animal and averaged mean per group, respectively. 
Data in synaptic quantifications represent mean ± s.e.m. The averages per animal and 
genotype are represented in bar graphs, and the distributions of values per cell are 
shown in cumulative frequency plots. Scale bars, 50 μm (A) and 20 μm (high 
magnification), and 1 μm (C, E). 
 
 
Figure 31 | Synaptic targeting of EGF-like domain-swapping neuregulin constructs 
to inhibitory postsynaptic clusters in the somatic compartment of cortical 
pyramidal cells. 
(A) Colocalisation of HA-tagged chimeric Nrg1EGF:Nrg3 (left) and Nrg3EGF:Nrg1 (right) 
(magenta) with soma-targeting GAD65+ boutons (cyan) in electroporated GFP+ 
pyramidal cells (green). The bottom panel depicts HA staining in a color-inverted image. 
The high-magnification images illustrate the localisation of HA-tagged neuregulins 
contacted by presynaptic GAD65+ boutons. (B) Quantification of the proportion of 
GAD65+ boutons that colocalise with Nrg clusters in the soma of GFP+ pyramidal cells. 
Tukey’s range test for post hoc comparison between wild-type Nrg1 construct and 
chimeric Nrg constructs: P = 0.745, n = 4 mice (32 cells) for pSyn-Nrg1EGF:Nrg3-pSyn-Gfp; 
***P < 0.001, n = 4 mice (32 cells) for pSyn-Nrg3EGF:Nrg1-pSyn-Gfp; ***P < 0.001, for 
comparison between chimeric Nrg constructs. Note that data for wild-type Nrg constructs 
are the same data shown in Figure 27. 




We then examined how expression of these constructs influenced inhibitory 
synaptic inputs and excitatory synaptic output in electroporated pyramidal cells in 
the somatosensory cortex at P30. Consistent with its specific somatic localisation, 
we found that the receptor-binding chimeric construct of Nrg1 (Nrg1EGF:Nrg3) was 
able to increase the density of CCK+ presynaptic boutons innervating the soma of 
GFP+ pyramidal cells, as visualized by GAD65/CB1R colocalisation, in similar 
quantities than wild-type Nrg1 (Figure 30C-D). However, overexpression of the 
receptor-binding chimeric construct of Nrg3 (Nrg3EGF:Nrg1), which is efficiently 
targeted to the axonal compartment, did not result in significant changes in CCK+ 
bouton density (Figure 30C-D). 
To examine the synaptogenic properties of neuregulin chimeric constructs 
in the axonal compartment, we measured VGlut1+/PSD95+ synapse density within 
GFP+ pyramidal cell axons targeting PV+ interneurons. The receptor-binding 
chimeric construct of Nrg3 (Nrg3EGF:Nrg1) significantly augmented the density of 
axonal excitatory synapses that electroporated pyramidal cells made onto PV+ 
interneurons (Figure 30E-F). In contrast, overexpression of the receptor-binding 
chimeric construct of Nrg1 (Nrg1EGF:Nrg3), which is targeted to the somatic region, 
did not change excitatory synapse densities in axon terminals (Figure 30E-F). 
Thus, chimeric neuregulins containing the EGF-like domain of the homologous 
 
 
Figure 32 | Synaptic targeting of EGF-like domain-swapping neuregulin constructs 
to excitatory presynaptic boutons innervating PV+ interneurons. 
(A) Colocalisation of HA-tagged chimeric Nrg1EGF:Nrg3 (left) and Nrg3EGF:Nrg1 (red) with 
presynaptic VGlut1+ boutons (blue) in GFP+ pyramidal cell axons (green) contacting PV+ 
interneurons (gray). The bottom panel depicts HA staining in a color-inverted image. The 
high magnification images illustrate the colocalisation of HA-tagged neuregulins with 
excitatory VGlut1+ boutons. (B) Quantification of the proportion of VGlut1+ boutons that 
colocalise with HA-tagged Nrg clusters in axon terminals of electroporated GFP+ 
pyramidal cells. Tukey’s range test for post hoc comparison between wild-type Nrg3 
construct and chimeric Nrg constructs: ***P < 0.001, n = 4 mice (42 cells) for pSyn-
Nrg1EGF:Nrg3-pSyn-Gfp; P = 0.775, n = 4 mice (39 cells) for pSyn-Nrg3EGF:Nrg1-pSyn-Gfp; 
***P < 0.001, for comparison between chimeric Nrg constructs. Note that data for wild-
type Nrg1 and Nrg3 constructs are the same data shown in Figure 28. 




neuregulin member can recapitulate the specific synaptic functions of wild-type 
Nrg1 and Nrg3 in vivo, indicating a tight dependence of neuregulin subcellular 
localisation and synaptic function. These findings also suggest that, surprisingly, 
Nrg1 and Nrg3 functions in inhibitory and excitatory synapse formation do not 
depend on differential binding properties with the trans-synaptic ErbB4 receptor, 
but on their selective sorting to the somatic and axonal compartment, respectively. 
 
3.2. Role of the C-terminal domain of Nrg1 and Nrg3 in subcellular 
sorting and synaptic function 
 
Since the extracellular EGF-like domain of Nrg1 and Nrg3 is not responsible for 
the differential functions of these two family-related synaptic molecules, we 
hypothesised that the intracellular region (C-terminal) of these proteins might be 
important for their localisation and, therefore, differential physiological roles. To 
test this idea, we engineered HA-tagged constructs in which the C-terminal 
domains were swapped between both neuregulins, and used in utero 
electroporation to express them in cortical pyramidal cells. We observed that the 
C-terminal domain of Nrg3 was sufficient to re-route some Nrg1 from the soma to 
the neuropil (Nrg1Ct:Nrg3; Figure 33A-B), although with limited efficiency compared 
to wild-type Nrg3 (Figure 26B-C). Accordingly, the proportion of VGlut1+/GFP+ 
boutons innervating PV+ interneurons that express the chimeric Nrg1Ct:Nrg3 protein 
was significantly reduced compared to Nrg3 wild-type protein, which suggested 
that this chimeric protein is less efficiently expressed and/or targeted to axonal 
excitatory synapses than the wild-type form (Figure 34). We also found that the C-
terminal domain of Nrg1 is sufficient to sequester a large fraction of Nrg3 in the 
soma, dramatically decreasing its normal targeting to the neuropil (Nrg3Ct:Nrg1; 
Figure 33A-B, and Figure 34). Remarkably, the chimeric Nrg3Ct:Nrg1 proteins found 
in the soma of electroporated GFP+ pyramidal cells were precisely located in 
postsynaptic clusters adjacent to inhibitory inputs (Figure 35). Because it has been 
previously noticed that the C-terminal domain of Nrg1 display backward signalling 
from the cell surface (Bao et al., 2003, 2004), we generated a Nrg1 construct where 
an HA tag was inserted upstream of its stop codon to monitor the subcellular 
localisation of its intracellular region when expressed in cortical pyramidal cells in 
vivo. These experiments showed that the C-terminal domain of Nrg1 was precisely 




Figure 33 | Neuregulin C-terminal domain specifies subcellular sorting to input and 
output synapses in pyramidal cells. 
(A) Coronal sections through somatosensory cortex of P30 mice following in utero 
electroporation of pSyn-Nrg1Ct:Nrg3-pSyn-Gfp or pSyn-Nrg3Ct:Nrg1-pSyn-Gfp plasmids at 
E14.5. Sections were processed for immunohistochemistry against GFP (green) and HA 
(magenta) and counterstained with DAPI (grey). The high-magnification images illustrate 
the localisation of HA-tagged neuregulins in GFP+ pyramidal cells. The bottom panel 
depicts HA staining in a colour-inverted image. Dotted squares indicate the localisation of 
the cells shown in the high-magnification images. The schematics illustrate the structure 
of the chimeric neuregulins in which the intracellular, C-terminal domain was swapped 
between Nrg1 and Nrg3. (B) Quantification of the localisation of HA+ neuregulin in the 
soma and neuropil of GFP+ pyramidal cells. Soma: Two-tailed Student’s t-test: ***P < 
0.001; n = 5 mice (40 regions of interest, ROIs) for pSyn-Nrg1Ct:Nrg3-pSyn-Gfp, n = 5 mice 
(40 ROIs) for pSyn-Nrg3Ct:Nrg1-pSyn-Gfp. Neuropil: Two-tailed Student’s t-test, *P < 0.05, 
n = 5 mice (40 ROIs) for pSyn-Nrg1Ct:Nrg3-pSyn-Gfp, n = 5 mice (40 ROIs) for pSyn-
Nrg3Ct:Nrg1-pSyn-Gfp. (C) Confocal images (top three panels) and binary images (bottom 
panel) illustrating presynaptic boutons co-labelled with GAD65 (magenta) and CB1R 
(cyan) innervating the soma of GFP+ pyramidal cells (grey) in C-terminal domain 
swapping experiments. (D) Quantification of the density of GAD65+/CB1R+ boutons 
contacting GFP+ pyramidal cells in chimeric gain-of-function experiments. One-way 
ANOVA: F = 13.740, P < 0.001. Tukey’s range test for post hoc comparison between 
control and experimental groups: for pSyn-Nrg1Ct:Nrg3-pSyn-Gfp, P = 0.534; for pSyn-
Nrg3Ct:Nrg1-pSyn-Gfp, , **P < 0.01; n = 4 mice (71 cells) for pSyn-Gfp (control), 6  




extracellular domain of Nrg1 (Figure 36), which suggests that sequences in the C-
terminal domain of Nrg1 contain sorting information to restrict its subcellular 
localisation to the soma of pyramidal cells. Altogether, these findings indicate that 
swapping the C-terminal domains of Nrg1 and Nrg3 is sufficient to disrupt the 
normal localisation of these proteins in pyramidal cells in vivo, and suggest that the 
intracellular, C-terminal domains contain unique amino acid sequences that 
instruct the specific subcellular trafficking of both neuregulins.  
The previous experiments suggested that C-terminal domain-dependent 
subcellular sorting may determine the specificity of neuregulin signalling in 
inhibitory and excitatory synapse formation. To test this hypothesis, we first 
quantified the density of CCK+ somatic inputs in pyramidal cells expressing the C-
terminal domain-swapping neuregulin proteins. Consistent with its inefficient 
retention in the soma (Figure 33A-B and Figure 35), we observed that 
overexpression of a chimeric Nrg1 protein containing the C-terminal domain of 
Nrg3 (Nrg1Ct:Nrg3) did not increase the number of CB1R+/GAD65+ presynaptic 
boutons contacting electroporated pyramidal cells (Figure 33C-D). In contrast, 
overexpression of a chimeric Nrg3 protein carrying the C-terminal domain of Nrg1 
(Nrg3Ct:Nrg1), which is unusually retained in the soma of pyramidal cells (Figure 33A-
B and Figure 35), led to a significant increase in the density of these GABAergic 
inputs (Figure 33C-D). Secondly, we measured the ability of these chimeric 
constructs to influence the formation of excitatory synapses onto PV+ interneurons. 
Consistent with their inefficient transport to the neuropil compared to wild-type 
mice (136 cells) for pSyn-Nrg1Ct:Nrg3-pSyn-Gfp, 6 mice (127 cells) for pSyn-Nrg3Ct:Nrg1-
pSyn-Gfp. (E) Confocal images (top three panels) and binary images (bottom panel) 
illustrating presynaptic VGlut1+ puncta (blue) in GFP+ axons (red) of pyramidal cells 
located in close apposition to PSD95+ clusters (green) in PV+ interneurons (grey) in C-
terminal swapping experiments. (F) Quantification of the density of 
VGlut1+/PSD95+/GFP+ synapses contacting PV+ interneurons in chimeric gain-of-
function experiments. One-way ANOVA: F = 0.929, P = 0.412. Tukey’s range test for post 
hoc comparison between control and experimental groups: for pSyn-Nrg1Ct:Nrg3-pSyn-Gfp, 
P = 0.379; for pSyn-Nrg3Ct:Nrg1-pSyn-Gfp, P = 0.801; n = 8 mice (143 cells) for pSyn-Gfp 
(control), 7 mice (121 cells) for pSyn-Nrg1Ct:Nrg3-pSyn-Gfp, 7 mice (135 cells) for pSyn-
Nrg3Ct:Nrg1-pSyn-Gfp. 
Data from the distributions of ROIs are shown as box plots, and the adjacent data points 
and lines represent the averages per animal and averaged mean per group, respectively. 
Data in synaptic quantifications represent mean s.e.m. The averages per animal and 
genotype are represented in bar graphs, and the distributions of values per cell are 
shown in cumulative frequency plots. Scale bars, 50 μm (A) and 20 μm (high 







Figure 34 | Synaptic targeting of C-terminal domain-swapping neuregulin 
constructs to excitatory presynaptic boutons innervating PV+ interneurons. 
(A) Colocalisation of HA-tagged chimeric Nrg1Ct:Nrg3 (left) and HA-tagged chimeric 
Nrg3Ct:Nrg1 (right) (red) with presynaptic VGlut1+ boutons (blue) in GFP+ pyramidal cell 
axons (green) contacting PV+ interneurons (gray). The bottom panel depicts HA staining 
in a color-inverted image. The high-magnification images illustrate the colocalisation of 
HA-tagged neuregulins with excitatory VGlut1+ boutons. (B) Quantification of the 
proportion of VGlut1+ boutons that colocalise with HA-tagged Nrg clusters in axon 
terminals of electroporated GFP+ pyramidal cells. Tukey’s range test for post hoc 
comparison between wild-type Nrg3 construct and chimeric Nrg constructs: ***P < 0.001, 
n = 4 mice (50 cells) for pSyn-Nrg1Ct:Nrg3-pSyn-Gfp; ***P < 0.001, n = 4 mice (42 cells) for 
pSyn-Nrg3Ct:Nrg1-pSyn-Gfp; ***P < 0.001, for comparison between chimeric constructs. 
Note that data for wild-type Nrg1 and Nrg3 constructs are the same data shown in Figure 
28. (C) Quantification of the intensity of HA+ clusters within VGlut1+/GFP+ terminals 
innervating cortical PV+ interneurons. Tukey’s range test for post hoc comparison 
between wild-type Nrg3 construct and chimeric constructs: ***P < 0.001, n = 4 mice (50 
cells) for pSyn-Nrg1Ct:Nrg3-pSyn-Gfp; ***P < 0.001, n = 4 mice (42 cells) for pSyn-
Nrg3Ct:Nrg1-pSyn-Gfp; *P < 0.05, for comparison between chimeric constructs. 
Data are shown as mean ± s.e.m. Scale bar, 2 µm (A) and 0.5 µm (high magnifications). 
 
Figure 35 | Synaptic targeting of C-terminal domain-swapping neuregulin 
constructs to inhibitory postsynaptic clusters in the soma of pyramidal cells. 
(A) Colocalisation of HA-tagged chimeric Nrg1Ct:Nrg3 (left) and HA-tagged chimeric 
Nrg3Ct:Nrg1 (right) (magenta) with soma-targeting GAD65+ boutons (cyan) in 
electroporated GFP+ pyramidal cells (green). The bottom panel depicts HA staining in a 
color-inverted image. The high-magnification images illustrate the localisation of HA-
tagged neuregulins contacted by presynaptic GAD65+ boutons. (B) Quantification of the 
proportion of GAD65+ boutons that colocalise with HA-tagged Nrg clusters in the soma of 
electroporated GFP+ pyramidal cells. Tukey’s range test for post hoc comparison 
between wild-type Nrg1 construct and chimeric Nrg constructs: ***P < 0.001, n = 4 mice 
(32 cells) for pSyn-Nrg1Ct:Nrg3-pSyn-Gfp; P = 0.077, n = 4 mice (34 cells) for pSyn-
Nrg3Ct:Nrg1-pSyn-Gfp; ***P < 0.001, for comparison between chimeric constructs. Note that 
data for wild-type Nrg1 and Nrg3 constructs is the same data shown in Figure 27. 




Nrg3 (Figure 33A-B and Figure 34), neither Nrg1Ct:Nrg3 nor Nrg3Ct:Nrg1 caused a 
significant change in the number of VGlut1+/PSD95+ puncta within GFP+ axon 
terminals contacting PV+ interneurons (Figure 33E-F). Although the chimeric 
Nrg1Ct:Nrg3 protein was sorted into the neuropil (Figure 33A-B), the levels of 
targeting were reduced compared to wild-type Nrg3 protein (Figure 26B-C). 
Importantly, detailed analysis of the synaptic expression of this chimeric construct 
showed that, although targeted to axon terminals, this protein is less efficiently 
localised to VGlut1+ presynaptic boutons within electroporated GFP+ pyramidal 
cells (Figure 34). A simple explanation for the lack of increase in excitatory 
synapses after Nrg1Ct:Nrg3 overexpression is that the amount of chimeric protein 
reaching the presynaptic boutons is insufficient to activate the receptor trans-
synaptically and, consequently, unable to trigger synaptogenic signalling. Thus, 
these experiments confirmed that efficient targeting of neuregulins to specific 
subcellular compartments in pyramidal cells mediates their function in synapse 
formation. They also revealed that the C-terminal domain of neuregulins is 
essential for the specificity of this process. 
 
 
Figure 36 | The C-terminal domain of Nrg1 encodes information for subcellular 
sorting to the somatic compartment of cortical pyramidal cells. 
(A) Coronal sections through somatosensory cortex of P30 mice following in utero 
electroporation of pSyn-Nrg1HA-pSyn-Gfp or pSyn-Nrg3Ct:Nrg1HA-pSyn-Gfp plasmids at 
E14.5. Sections were processed for immunohistochemistry against GFP (green) and HA 
(magenta) and counterstained with DAPI (gray). The high-magnification images illustrate 
the localisation of HA-tagged neuregulins in GFP+ pyramidal cells. The bottom panel 
depicts HA staining in a colour-inverted image. Dotted squares indicate the localisation of 
the cells shown in the high-magnification images. (B) Quantification of the localisation of 
HA+ neuregulin in the soma and neuropil of GFP+ pyramidal cells. Soma: Two-tailed 
Student’s t-test, P = 0.550; n = 4 mice (27 regions of interest, ROIs) for pSyn- Nrg1HA -
pSyn-Gfp, n = 4 mice (27 ROIs) for pSyn- Nrg3Ct:Nrg1HA -pSyn-Gfp. Neuropil: Two-tailed 
Student’s t-test, P = 0.335; n = 4 mice (27 ROIs) for pSyn-Nrg1HA-pSyn-Gfp, n = 4 mice 
(27 ROIs) for pSyn- Nrg3Ct:Nrg1HA -pSyn-Gfp. 
Data from the distributions of ROIs are shown as box plots, and the adjacent data points 
and lines represent the averages per animal and averaged mean per group, respectively. 




To add further support to this idea and probe whether the C-terminal 
domains actively segregate both neuregulin members to distinct neuronal 
compartments, we performed a final series of experiments in which we 
electroporated plasmids encoding truncated forms of Nrg1 and Nrg3 that lack the 
entire intracellular, C-terminal region. Interestingly, we found that both Nrg1 and 
Nrg3 lacking the C-terminal domain (Nrg1ΔCt and Nrg3ΔCt) lose the specific 
subcellular segregation found in full-length Nrg1 and Nrg3, showing similar 
heterogeneous distributions in pyramidal cells (Figure 37A-B). Specifically, we 
observed that Nrg1ΔCt was no longer restricted to the somatic compartment of 
pyramidal cells and was in turn abundantly found throughout the neuropil (Figure 
37A-B). Remarkably, truncation of Nrg1 protein results in its presence in both 
 
Figure 37 | Subcellular segregation of neuregulins is encoded in the C-terminal 
domain. 
(A) Coronal sections through somatosensory cortex of P30 mice following in utero 
electroporation of pSyn-Nrg1ΔCt-pSyn-Gfp or pSyn-Nrg3ΔCt-pSyn-Gfp plasmids at E14.5. 
Sections were processed for immunohistochemistry against GFP (green) and HA 
(magenta) and counterstained with DAPI (grey). The high-magnification images illustrate  




dendrites and axon terminals, indicating that somatic retention sequences are 
encoded in its C-terminal domain (Figure 37A-B). On the other hand, we observed 
that Nrg3ΔCt was no longer restricted to axons as it is the case for wild-type Nrg3: 
it was also abundantly expressed in the somatodendritic compartment of pyramidal 
cells, suggesting that this truncated form of the protein has lost its specific 
presynaptic localisation (Figure 37A-B). Consistently, both Nrg1ΔCt and Nrg3ΔCt 
were observed in somatic inhibitory synapses as well as axonal excitatory 
synapses in electroporated GFP+ pyramidal cells (Figures 38 and 39). These 
findings reinforce the idea that the specific localisation of Nrg1 and Nrg3 in the 
somatic and axonal compartments, respectively, requires amino acid sequences 
encoded in their C-terminal domain. 
We examined how the lack of specificity in the distribution of neuregulins 
would impact the formation of inhibitory inputs and excitatory outputs in pyramidal 
cells. First, we assessed the effect of Nrg1 and Nrg3 proteins lacking the C-terminal 
the localisation of HA-tagged neuregulins in GFP+ pyramidal cells. The bottom panel 
depicts HA staining in a color-inverted image. The schematics illustrate the structure of 
truncated neuregulins in which the C-terminal domain was removed. (B) Quantification of 
the localisation of HA+ neuregulin in the soma and neuropil of GFP+ pyramidal cells. 
Soma: Mann-Whitney U-test, P = 0.093; n = 6 mice (66 regions of interest, ROIs) for 
pSyn-Nrg1ΔCt-pSyn-Gfp, n = 6 mice (66 ROIs) for pSyn-Nrg3ΔCt-pSyn-Gfp. Neuropil: Two-
tailed Student’s t-test, P = 0.589; n = 6 mice (58 ROIs) for pSyn-Nrg1ΔCt-pSyn-Gfp, n = 6 
mice (58 ROIs) for pSyn-Nrg3ΔCt-pSyn-Gfp. (C) Confocal images (top three panels) and 
binary images (bottom panel) illustrating presynaptic boutons co-labelled with GAD65 
(magenta) and CB1R (cyan) innervating the soma of GFP+ pyramidal cells (gray) in C-
terminal domain deletion experiments. (D) Quantification of the density of 
GAD65+/CB1R+ boutons contacting GFP+ pyramidal cells in gain-of-function truncation 
experiments. One-way ANOVA: F = 5.325, P < 0.05. Tukey’s range test for post hoc 
comparison between control and experimental groups: for pSyn-Nrg1ΔCt-pSyn-Gfp, *P < 
0.05; for pSyn-Nrg3ΔCt-pSyn-Gfp, *P < 0.05; n = 6 mice (120 cells) for pSyn-Gfp (control), 
6 mice (145 cells) for pSyn-Nrg1ΔCt-pSyn-Gfp, 6 mice (138 cells) for pSyn-Nrg3ΔCt-pSyn-
Gfp. (E) Confocal images (top three panels) and binary images (bottom panel) illustrating 
presynaptic VGlut1+ puncta (blue) in GFP+ axons (green) of pyramidal cells located in 
close apposition to PSD95+ clusters (red) in PV+ interneurons (gray) in C-terminal 
domain deletion experiments. (F) Quantification of the density of VGlut1+/PSD95+/GFP+ 
synapses contacting PV+ interneurons in gain-of-function truncation experiments. One-
way ANOVA: F = 19.500, P < 0.001. Tukey’s range test for post hoc comparison between 
control and experimental groups: for pSyn-Nrg1ΔCt-pSyn-Gfp, ***P < 0.001, for pSyn-
Nrg3ΔCt-pSyn-Gfp, ***P < 0.001; n = 9 mice (167 cells) for pSyn-Gfp (control), 5 mice (107 
cells) for pSyn-Nrg1ΔCt-pSyn-Gfp, 5 mice (111 cells) for pSyn-Nrg3ΔCt-pSyn-Gfp. 
Data from the distributions of ROIs are shown as box plots. Data in synaptic 
quantifications represent mean ± s.e.m. The averages per animal and genotype are 
represented in bar graphs, and the distributions of values per cell are shown in 
cumulative frequency plots. Scale bars, 50 μm (A) and 20 μm (high magnification), and 1 






domain in inducing the formation of GABAergic boutons from CCK+ basket cells 
onto the soma of pyramidal neurons. Strikingly, overexpression of the truncated 
forms of Nrg1 and Nrg3 resulted in a significant increase in the density of 
GAD65+/CB1R+ boutons innervating electroporated pyramidal cells (Figure 37C-
D). Of note, these phenotypes appeared to be moderate as compared to 
overexpression experiments of wild-type Nrg1 protein (Figure 22B-C), likely due to 
the fact that the synaptic targeting of both neuregulins lacking the C-terminal 
domain to the somatic compartment is less efficient than the wild-type Nrg1 protein 
(Figure 38). An alternative explanation lies on the possibility that the neuregulin C-
terminal domain could contribute to the development and/or stabilization of 
GABAergic synapses at the postsynaptic membrane. Second, we quantified 
excitatory synaptic contacts formed onto PV+ interneurons by pyramidal cells 
expressing the truncated forms of Nrg1 and Nrg3. Overexpression of these 
truncated proteins robustly induced the formation of VGlut1+/PSD95+ synapses 
within GFP+ axon terminals innervating PV+ interneurons (Figure 37E-F). 
Altogether, the ability of neuregulins lacking their C-terminal domains to induce 
synapse formation in vivo suggests that their synaptogenic function does not 
depend on intracellular signalling pathways but rather on the trans-synaptic 
interaction with ErbB4 receptor. These results are consistent with the hypothesis 
Figure 38 | Synaptic targeting of C-terminal domain-truncated neuregulin 
constructs to inhibitory postsynaptic clusters in the soma of pyramidal cells. 
(A) Colocalisation of HA-tagged chimeric Nrg1ΔCt (left) and HA-tagged chimeric Nrg3ΔCt 
(right) (magenta) with soma-targeting GAD65+ boutons (cyan) in electroporated GFP+ 
pyramidal cells (green). The bottom panel depicts HA staining in a color-inverted image. 
The high-magnification images illustrate the localization of HA-tagged neuregulins 
contacted by presynaptic GAD65+ boutons. (B) Quantification of the proportion of 
GAD65+ boutons that colocalise with HA-tagged Nrg clusters in the soma of 
electroporated GFP+ pyramidal cells. Tukey’s range test for post hoc comparison 
between wild-type Nrg1 construct and truncated Nrg constructs: **P < 0.01, n = 4 mice 
(34 cells) for pSyn-Nrg1ΔCt-pSyn-Gfp; ***P < 0.001, n = 5 mice (43 cells) for pSyn-
Nrg3ΔCt-pSyn-Gfp; P = 0.739, for comparison between truncated constructs. Note that 
data for wild-type Nrg1 and Nrg3 constructs are the same data shown in Figure 27. 






that the selective subcellular segregation of Nrg1 and Nrg3 in cortical pyramidal 
cells controls their specific function in inhibitory and excitatory synapses, 
respectively. 
 
In conclusion, in Chapter 3 we performed structure-function analysis in 
combination with a gain-of-function paradigm to examine the role of distinct protein 
domains of Nrg1 and Nrg3 in their specific sorting and function in pyramidal cell 
connectivity. Our findings suggest two major conclusions: (i) the C-terminal 
domains of Nrg1 and Nrg3 determine their subcellular sorting to the somatic and 
axonal compartments, respectively; and (ii) Nrg/ErbB4 signalling in inhibitory and 
excitatory synapses does not seem to depend on the ligand binding properties of 
the respective EGF-like domains to the receptor. Thus, Nrg1 and Nrg3 act as 
ligands for ErbB4 receptor in two distinct subcellular compartments of cortical 
pyramidal cells through a selective sorting that is mediated by signal sequences 
present in their C-terminal domains, to specifically regulate the formation of 
inhibitory and excitatory synapse formation, respectively. Altogether, these results 
reveal a differential sorting of cell surface molecules involved in the developmental 
synaptic assembly of pyramidal cells and interneurons in the cerebral cortex. 
Figure 39 | Synaptic targeting of C-terminal domain-truncated neuregulin 
constructs to excitatory presynaptic boutons innervating PV+ interneurons. 
(A) Colocalisation of HA-tagged chimeric Nrg1ΔCt (left) and Nrg3ΔCt (red) with presynaptic 
VGlut1+ boutons (blue) in GFP+ pyramidal cell axons (green) contacting PV+ 
interneurons (gray). The bottom panel depicts HA staining in a color-inverted image. The 
high-magnification images illustrate the colocalisation of HA-tagged neuregulins with 
excitatory VGlut1+ boutons. (B) Quantification of the proportion of VGlut1+ boutons that 
colocalise with HA-tagged Nrg clusters in axon terminals of electroporated GFP+ 
pyramidal cells. Tukey’s range test for post hoc comparison between wild-type Nrg3 
construct and truncated Nrg constructs: P = 0.689, n = 5 mice (38 cells) for pSyn-Nrg1ΔCt-
pSyn-Gfp; P = 0.928, n = 5 mice (36 cells) for pSyn-Nrg3ΔCt-pSyn-Gfp; P = 0.304, for 
comparison between truncated Nrg constructs. Note that data for wild-type Nrg1 and 
Nrg3 constructs are the same data shown in Figure 28. 

























The developmental assembly of cell types in the cerebral cortex involves the 
establishment of spatially-defined connections with distinct properties and 
molecular composition. It has become evident in recent years that elucidating 
mechanisms underlying neuronal connectivity requires a detailed understanding of 
the subcellular distributions and synapse-specific functions of synaptic proteins. 
Here, we aimed to dissect the precise roles of two family-related cell-surface 
molecules, Nrg1 and Nrg3, in the cell type-specific synaptic assembly of a defined 
neuronal circuit, the interneuron-pyramidal cell perisomatic circuitry in the 
neocortex, using the superficial layers of the somatosensory cortex as a model. To 
approach this question, we applied a combination of molecular biology, mouse 
genetics, gene editing, histology, and imaging tools. Below I will discuss how the 
findings presented in this Thesis influence our knowledge on the molecular control 
of circuit connectivity and the sorting mechanisms of synaptic proteins in the 
cerebral cortex. I will dedicate the last section to reflect on the relevance of 
mechanistic insights in cortical connectivity to inform the pathophysiological basis, 
and ultimately therapeutic strategies, of neurodevelopmental disorders. 
 
1. Molecular control of cortical connectivity 
 
How neuronal circuits are formed during development and what molecular 
mechanisms underlie the specificity of synaptic connections in the mammalian 
cerebral cortex remain fundamental questions in neuroscience. Neuregulins are a 
family of transmembrane proteins that bind and activate the ErbB4 receptor, 
function as synaptogenic molecules, and are abundantly expressed in developing 
circuits of the cerebral cortex. Despite decades of work, the role of neuregulins in 
the formation of cortical connectivity is yet not well understood. Here, we provide 
multiple lines of evidence that reveal that subcellular partitioning of neuregulin 
localisation enforces their segregated roles in inhibitory and excitatory synapses. 
Hence, pyramidal cells have implemented a subcellular mechanism whereby 
neuregulins gain specific control over the development synaptic connections with 
distinct types of interneurons. Our study reveals a novel strategy for the assembly 
of cortical circuits that involves the differential subcellular sorting of family-related 




1.1. Pyramidal cell-interneuron wiring controlled by neuregulin/ErbB4 
signalling 
 
Our findings show that the assembly of pyramidal cell-interneuron connections in 
the mammalian cerebral cortex depends on a trans-synaptic interaction in which 
the matching subcellular localisation of neuregulin ligands and their ErbB4 receptor 
promotes synapse formation. Conditional elimination of Nrg1 uncovers a specific 
impairment of GABAergic somatic and axo-axonic innervation onto cortical 
pyramidal cells by CCK+ basket cells and chandelier cells, respectively. 
Conversely, pyramidal cells lacking Nrg3 show a reduced capacity to form 
excitatory synapses onto PV+ interneurons. Overexpression of Nrg1 and Nrg3 
expression in cortical pyramidal cells corroborated their highly selective 
involvement in inhibitory and excitatory synaptogenesis. Thus, our data supports 
that Nrg1 and Nrg3 differentially control the assembly of inhibitory and excitatory 
synapses in cortical circuits, and suggests that developing synaptic connections 
form with latent autonomy: Nrg1 deletion-associated loss of synapses leaves Nrg3-
dependent functions intact, and vice versa. Since ErbB4 expression in PV+ and 
CCK+ interneurons plays an important role in the formation of their excitatory 
inputs as well as inhibitory outputs (Del Pino et al., 2013, 2017), these observations 
indicate that a non-redundant system of neureuglin/ErbB4 signalling underlies the 
development of these cortical circuits (Figure 40-41). 
Our conditional genetic strategy is advantageous for two reasons. First, 
tamoxifen inductions were carried out in postnatal newborn pups, ensuring that 
neuregulin expression levels are normal during embryonic development. This is 
especially important due to the essential roles of Nrg1 and Nrg3 in early 
developmental processes in the cortex, such as migration, cortical plate invasion, 
and lamination (Bartolini et al., 2017; Flames et al., 2004). Disrupting the normal 
course of developing interneurons in the embryo has tremendous consequences 
for cortical network function in adult stages (Cho et al., 2015; Wang et al., 2010). 
Thus, alterations in the cytoarchitecture of the cortex in mouse genetic models 
represent a confounding factor to interpret phenotypes derived from disrupting 
functions in synapse formation and/or maturation during postnatal development. In 
contrast with previous studies (Agarwal et al., 2014; Wang et al., 2018b), we did 
not observed deficits in density or laminar organization of interneurons in the cortex 




neuregulin function during synaptogenesis. Second, neuregulins play diverse 
neuronal and glial functions during developmental and adult stages (Agarwal et al., 
 
Figure 40 | Summary diagrams of synaptic phenotypes observed upon neuregulin 
genetic manipulations and structural modifications. 
Diagrams that recapitulate the phenotypes observed in loss- and gain-of-function 
experiments. The synaptogenic capability and synaptic targeting of neuregulin proteins is 




2014; Brinkmann et al., 2008; Chen et al., 2008; Kotzadimitriou et al., 2018; Rio et 
al., 1997; Sun et al., 2016; Taveggia et al., 2008; Wang et al., 2018b). Our 
pyramidal cell-specific approach avoids ambiguous effects originating from 
disrupted expression in other cell types that naturally express neuregulins. 
The observed synaptic phenotypes in neuregulin icKO mice prominently 
mirror those found in ErbB4 cKO mice, and these synaptic deficits are 
characteristically subtle (Del Pino et al., 2013, 2017; Yang et al., 2013). Thus, the 
summation of inhibitory and excitatory deficits in mice lacking Nrg1 and Nrg3, 
respectively, recapitulates the heterogeneous alterations observed in mice lacking 
ErbB4 from fast-spiking interneurons (Del Pino et al., 2013) or CCK+ basket cells 
(Del Pino et al., 2017). Further evidence of the similarity between Nrg1, Nrg3 and 
ErbB4 mouse models comes from the absence of phenotypes in PV+ basket cell 
synapses innervating the soma of pyramidal cells (Del Pino et al., 2013; Yang et 
al., 2013), as analysed here by synaptotagmin-2/gephyrin co-immunostaining. This 
suggests that developing PV+ basket boutons—in contrast to chandelier or CCK+ 
boutons—depend on a distinct pool of molecules, yet to be determined. This 
finding also reveals a high degree of specificity in the assembly of pyramidal cell-
interneuron connections through neuregulin/ErbB4 signalling. Moreover, 
neuregulin function in pyramidal cells seem to be cell-autonomous because the 
synaptic loss after inducible deletion of Nrg3 does not involve axon terminals 
originating from non-recombined neurons. 
 
Figure 41 | Role of neuregulin/ErbB4 signalling in cortical synaptic assembly. 
(A) Drawing illustrating the function of the neuregulin/ErbB4 signalling pathway in the 
wiring of perisomatic local circuits in the mouse cerebral cortex (Del Pino et al., 2013, 
2017; and this Thesis). The coloured boxes indicate the density changes in inhibitory and 
excitatory synapses observed in genetic manipulations of Nrg1, Nrg3 and ErbB4 receptor 




Of note, the synaptic analyses presented in the current work are limited to 
anatomical changes, as assessed via confocal imaging and quantifications of 
synapse densities. To determine whether these structural phenotypes have a 
functional correlate in synaptic transmission, it would be important to explore 
changes in functional synaptic events by performing electrophysiological 
recordings of miniature excitatory and inhibitory postsynaptic currents (mEPSCs 
and mIPSCS, respectively) in neuregulin icKO mice. Since Nrg3 is precisely 
localised to presynaptic glutamatergic boutons (Figures 24 and 28), and it has 
been shown to interact with members of the SNARE complex (Wang et al., 2018), 
it would be particularly relevant to investigate the effect of Nrg3 deletion in 
presynaptic release and short-term plasticity. Elucidating whether this potential role 
of Nrg3 requires binding with cis-interacting partners exclusively, or additionally 
trans-synaptic interaction with ErbB4 receptor, will shed further light on the 
molecular mechanisms underlying its presynaptic function. Furthermore, electron 
microscopy-based ultrastructural studies offer important avenues to investigate the 
involvement of cell-surface molecules in building the synaptic architecture (Acuna 
et al., 2016; Condomitti et al., 2018; Steinecke et al., 2017). This experimental 
approach would allow us to examine fine changes in synaptic differentiation and/or 
maturation in neuregulin icKO mice, including bouton size, density and positioning 
of synaptic vesicles, and shape and size of postsynaptic structures. Therefore, 
further investigation of physiological and structural properties will provide 
invaluable insights into the synaptic functions of Nrg1 and Nrg3 in cortical circuits. 
 
1.2. A synapse-specific neuregulin/ErbB4 interaction code 
 
Nrg1 and Nrg3 act in a non-redundant and cell-autonomous manner to control the 
density of distinct classes of synapses in pyramidal cells. In line with these findings, 
we observed a remarkable segregation in the subcellular localisation of Nrg1 and 
Nrg3 to distinct pyramidal cell compartments. Nrg1 is highly restricted to the 
perisomatic compartment, where it is found in postsynaptic clusters of various 
GABAergic inputs, whereas Nrg3 is selectively sorted into the axonal compartment 
and targeted to presynaptic glutamatergic boutons innervating PV+ interneurons. 
Noticeably, the distinctive distribution of Nrg1 and Nrg3 in pyramidal cells matches 
the patterns of ErbB4 targeting to specific subcellular compartments in interneuron 




expressed by pre- and postsynaptic partners. On the one hand, ErbB4 is present 
in the presynaptic membrane of GABAergic boutons innervating both the soma 
and AIS of pyramidal cells (Fazzari et al., 2010). On the other hand, ErbB4 is found 
in the postsynaptic membrane of dendrites and somas of several classes of 
interneurons (Fazzari et al., 2010; Vullhorst et al., 2009). Taken together, our 
results suggest a mechanism by which the differential subcellular sorting of Nrg1 
and Nrg3 in pyramidal cells ensures the activation of synaptogenic signalling 
through the same kinase receptor in distinct neuronal connections of cortical 
circuits (Figure 29, and Figure 41). 
Our observations are consistent with in vitro studies of the localisation of 
Nrg3, but not Nrg1 (Müller et al., 2018; Vullhorst et al., 2017). Nrg1 and Nrg3 
proteins appear to be similarly distributed along axons of cultured neurons in vitro. 
Indeed, we have previously tested transfection of our neuregulin-encoding 
plasmids in primary cultures of cortical cells and found that both proteins seem to 
be similarly distributed, with abundant targeting and high intensity levels in the 
perisomatic region (preliminary observations, data not shown). This could suggest 
saturation of expression in vitro, causing the proteins to be non-specifically 
targeted to distinct subcellular compartments, which has been reported in previous 
studies. For instance, the characteristic segregation of input-specific properties of 
spines from different fragments of dendrites in CA1 pyramidal cells seems to be 
lost when these neurons are cultured in vitro (Sando et al., 2019). Alternatively, the 
possibility that sorting mechanisms function abnormally in cultured neurons cannot 
be ruled out. In the case of Nrg3, our results fit with its localisation to excitatory 
synapses in vivo, as reported by antibody staining (Müller et al., 2018). Of note, 
since neuregulins are also expressed in other cell types in the cortex apart from 
glutamatergic neurons, our experimental design—that is, in utero electroporation 
of pyramidal cell progenitors—provides a cell type-specific examination of Nrg3 in 
pyramidal cell axon terminals that innervate PV+ interneurons. 
Our work shows the precise logic of neuregulin/ErbB4 interactions in 
cortical circuits. There are several important questions arising from these findings 
regarding the nature of the downstream mechanisms involved in this process. First, 
the signalling mechanisms downstream of neuregulin/ErbB4 at the synapse are 
still poorly characterised. Do Nrg1 and Nrg3 trigger shared or distinct signalling 
cascades to influence the formation of inhibitory and excitatory synapses? Our 
results suggest that there is no specificity in the synaptic function of neuregulin 




and Nrg3 at the post- and presynaptic membranes, it is reasonable to hypothesise 
that some molecular functions and interactions might differ between Nrg1 and Nrg3 
independently of the EGF-like domain (Wang et al., 2017). For instance, does the 
backward signalling of Nrg1 (Bao et al., 2003, 2004) play a role in the inhibitory 
postsynaptic membrane? On the other hand, Nrg3 has been shown to interact with 
proteins of the soluble N-ethylmaleimide-sensitive factor attachment protein 
receptor (SNARE) complex such as synaptosomal nerve-associated protein 25 
(SNAP25) (Wang et al., 2018b). Do neuregulins interact with other co-receptor or 
auxiliary proteins at the synapse? Are these interactions synapse-specific and 
required for neuregulin function in synaptogenesis? As new binding partners are 
identified, direct manipulations of these molecular interactions will be needed to 
test these questions. 
Given the segregation of neuregulins to distinct synapses, it is tempting to 
suggest that pyramidal cells may have implemented different upstream regulatory 
mechanisms for transcription of Nrg1 and Nrg3. This could represent a mechanistic 
strategy utilised by pyramidal cells to independently control input and output 
synaptic connections by differential regulation of the expression of Nrg1 and Nrg3, 
respectively. In this regard, a preliminary study in our laboratories using qPCR 
analysis in mouse cortical samples at different time points across postnatal 
development shows that Nrg1 and Nrg3 expression patterns follow distinct 
temporal dynamics. Nrg1, which is highly expressed during embryonic 
development (Flames et al., 2004), continues to be abundant during the first two 
postnatal weeks in the cerebral cortex, a period that is followed by a gradual 
decline in expression until 4-5 weeks of age (unpublished work). In contrast, 
expression levels of Nrg3 are lower than Nrg1 during the first week after birth, and 
progressively increase throughout postnatal development reaching its peak at 4-5 
weeks. Mapping the promoter regions of Nrg1 and Nrg3 and identifying their 
transcriptional regulators would be required to better understand the 
spatiotemporal windows of the role of neuregulins in the integration of pyramidal 
cells into developing circuits (Peng et al., 2019; Vormstein-Schneider et al., 2019). 
 
1.3. Limitations in the study of protein localisation 
 
The development of protein tagging methodologies has proved extremely powerful 




morphologies of neuronal bodies (Mikuni et al., 2016; Nishiyama et al., 2017; 
Suzuki et al., 2016), not only to replace the lack of specific antibodies but also to 
implement cell type-specific approaches. Using IUE of exogenous DNA constructs 
in the mouse brain in vivo, we identified the synapse-specific localisation of two 
members of the neuregulin family in cortical pyramidal cells. This approach has 
been successfully used to study subcellular distribution of several proteins in 
hippocampal pyramidal cells (Condomitti et al., 2018; Favuzzi et al., 2017). For the 
insertion of the HA tag in both neuregulin genes, we selected a previously reported 
insertion site that does not alter the structure nor the function of the proteins (Wang 
et al., 2001). Our experiments represent, to the best of our knowledge, the first 
description of subcellular segregation of family-related proteins in cortical circuits. 
Exogenous protein expression experiments, nonetheless, are inherently 
problematic due to the overexpression conditions. Therefore, we initially performed 
two experiments for monitoring the endogenous localisation of Nrg1 and Nrg3 in 
cortical circuits. First, we used immunostaining against Nrg1 and Nrg3 in brain 
sections using commercial antibodies that have been reported in the literature to 
show specific labeling of these proteins (Müller et al., 2018; Vullhorst et al., 2017). 
However, our results showed similar labelling patterns when these antibodies were 
tested in wild-type and conditional knock-out tissue for Nrg1 and Nrg3. This lack of 
antibody specificity has been well documented in other studies, and in particular 
for cell adhesion molecules (Anderson et al., 2017; Condomitti et al., 2018; Fazzari 
et al., 2010).  
Gene editing technologies are quickly becoming standard approaches to 
knock-in tag epitopes in specific genes of interest in order to monitor the precise 
subcellular localisation of endogenous proteins (Ribeiro et al., 2019; Sando et al., 
2019). Therefore, we next designed a CRISPR/Cas9-mediated approach to 
endogenously tag the neuregulin loci in the mouse brain in vivo. These 
experiments were unsuccessful since the designed sgRNA showed low efficiency 
of gene editing in vitro as tested by the T7-endonuclease assay, and IUE of the 
DNA constructs did not result in HA+ signal in electroporated cortical pyramidal 
cells. Two plausible possibilities could account for this result. First, genomic 
structure can be influenced by chromatin arrangement, which might differ between 
genes and can make some regions of the genome less amenable than others for 
gene editing. Second, large regions of neuregulin genes are very rich in high 
guanines and cytosines (G/C); high G/C content increases the stability of genomic 




influences the accessibility and efficiency in molecular biology techniques (Duret 
et al., 2002; SantaLucia and Hicks, 2004; Romiguier et al., 2010). Because the 
strategy used here was based on plasmid delivery, which has been previously 
reported to yield lower efficiencies compared to other approaches such as viral 
delivery (Mikuni et al., 2016; Nishiyama et al., 2017), optimisation of these 
experiments would be necessary to determine the feasibility of endogenous 
tagging of neuregulin loci. Recent development of CRISPR/Cas9 technology has 
improved the efficiency and versatility of strategies for endogenous tagging in the 
mouse brain, which would represent interesting new avenues to test in the 
endogenous loci of neuregulins. A much higher degree of tagging efficiencies 
seems to be achieved using homology-independent approaches, such as the HITI 
method (Suzuki et al., 2016), the ORANGE system (Willems et al., 2019), and plug-
and-play system (Gao et al., 2019). Thus, additional work will be required to 
optimise the current CRISPR/Cas9 experiments presented here. 
 
1.4. Diverse molecular complexes shape the cortical synaptic network 
 
A panoply of cell surface molecules composes the molecular architecture of 
cortical synapses (Loh et al., 2016; Paul et al., 2017). Our data provides an 
explanation for protein diversity in the neuregulin family at the synapse. By 
selective sorting to the perisomatic compartment of pyramidal cells, Nrg1 
specifically controls the development of inhibitory synaptic innervation into the 
soma and AIS. In marked contrast, selective axonal sorting endows Nrg3 with the 
ability to localise to presynaptic terminals contacting PV+ interneurons to regulate 
excitatory synapse formation. Building on previous work from our lab and others 
(Del Pino et al., 2013, 2017), these findings suggest that these two ligands are able 
to drive synaptogenic signalling through the same receptor, ErbB4, in two different 
classes of synapses. In addition, our chimeric protein experiments add further 
information to this mechanism. By swapping the EGF-like domain of Nrg1 and 
Nrg3, a manipulation that does not affect their subcellular sorting, we found that 
their specific functions in promoting synapse development is not encoded in a 
differential trans-synaptic interaction with ErbB4 receptor (Figure 30). In this 
context, in vitro studies previously indicated that the EGF-like domain of Nrg1 is a 
more potent effector than Nrg3 to trigger ErbB4 activation in phosphorylation 




experiments, chimeric neuregulin proteins where the EGF-like domain is swapped 
between Nrg1 and Nrg3 are similarly capable to promote synapse formation in 
inhibitory and excitatory connections. These results suggest that receptor 
activation and signalling triggered by Nrg1 and Nrg3, irrespective of the specific 
EGF-like domain, induce similar synaptogenic activity in vivo. In contrast, our 
modifications of the C-terminal domain of Nrg1 and Nrg3 suggest that structural 
determinants are found in the cytoplasmic, intracellular domain of neuregulins to 
instruct their sorting to different subcellular compartments. These findings are 
consistent with the hypothesis that the neuregulin family diversified by acquisition 
and/or loss of structural sequences in the C-terminal domain to specify a distinct 
subcellular distribution of Nrg1 and Nrg3 within pyramidal cell bodies, hence 
enabling a division of labour in this family of ErbB4 ligands to impose a differential 
control on inhibitory input and excitatory output synapses. 
Our study provides further evidence to the notion that protein diversity plays 
an important role in synapse formation and specification (Apóstolo and de Wit, 
2019; de Wit and Ghosh, 2016). Latrophillins instruct synapse development in an 
input-specific manner in CA1 pyramidal cell dendrites; Lphn2 promotes the 
development of perforant path synapses from the entorhinal cortex into distal 
dendrites, whereas Lphn3 controls synapse formation in proximal dendrites that 
are targeted by Schaffer collaterals from the CA3 (Anderson et al., 2017; Sando et 
al., 2019). Type II classic cadherins regulate specific synaptic properties in 
hippocampal circuits; presynaptic Cdh9 and postsynaptic Cdh6 and Cdh10 
mediate trans-cellular interactions that are required for spine development and 
high-magnitude long-term potentiation (LTP) in stratum oriens dendrites (Basu et 
al., 2017). Moreover, Cdh9 specifically regulates mossy fibre bouton formation in 
dentate gyrus neurons (Williams et al., 2011). In inhibitory cortical circuits, a wide 
variety of protein families involved in cell adhesion, including semaphorins, 
protocadherins and contactins, are differentially expressed by distinct interneuron 
types (Favuzzi et al., 2019). In the retina, cadherins cooperate in promoting 
specificity of connectivity patterns; several Cdhs (Cdh6-10 and 18) independently 
or coordinately regulate the specific assembly of distinct retinal cell types (Duan et 
al., 2014, 2018). In the presynaptic membrane, synaptotagmins precisely control 
the temporal dynamics of neurotransmitter release by acting as Ca2+ sensors; 
various members (Syt1, Syt2, Syt7 and Syt9) have been implicated in synchronous 
and asynchronous phases of synaptic release (Bacaj et al., 2013; Luo and Südhof, 




through gene duplication and divergence, has generated a great diversity of family-
related synaptic proteins that specialise in specific functions, probably to gain 
further control in regulating fine biological processes such as synapse formation 
and synaptic release. 
Despite the specific alterations in cortical connectivity observed, a 
proportion of inhibitory and excitatory synapses are still established in the absence 
of Nrg1 or Nrg3 from pyramidal cells. As shown for example for other cell adhesion 
molecules, conditional genetic manipulations usually result in moderate or subtle 
changes in synapse density, rather than dramatic or absolute loss of synapses 
(Chen et al., 2017; Lee et al., 2017; Schroeder et al., 2018; Zhang et al., 2015). 
This suggests that synaptic proteins might be cooperating for a common goal—
synapse formation—instead of acting as master regulators of this complex and 
multifaceted process (Kurshan and Shen, 2019; Kurshan et al., 2018). Pentraxins 
and neuroligin 3 regulate the maturation of excitatory synapses innervating PV+ 
interneurons, where Nrg3 presynaptic function takes place (Pelkey et al., 2016; 
Polepalli et al., 2017). Similarly, DOCK7 and L1CAM control the development of 
axo-axonic synapses (Tai et al., 2014, 2019), and dystroglycan plays a role in 
CCK+ basket synapse formation (Früh et al., 2016), the two inhibitory inputs that 
depend on Nrg1 signalling. Whether and how the combinatorial action of cell 
adhesion molecules in specific connections sculpt the formation of an elaborate 
synaptic network remains to be determined. Given the diversity of cell surface 
molecules expressed by particular cell types and the moderate or subtle deficits 
observed in genetic models, it is tempting to hypothesise that multiple, parallel 
molecular pathways cooperate to guide the assembly of circuits in the mammalian 
cerebral cortex. 
In this study, we focused our efforts on elucidating the general principles of 
Nrg1 and Nrg3 function in pyramidal cells. Future directions should aim to address 
two major outstanding questions. First, in our exploratory analysis of scRNA-seq 
data we noticed that Nrg1 and Nrg3 expression in pyramidal cells, at least in 
adulthood, is not homogeneous, but rather different subtypes of projection neurons 
seem to express Nrg1 and Nrg3 at different levels (Figure 12). Cellular 
heterogeneity has emerged as a fundamental property to understanding the 
organisation and function of pyramidal cell subtypes and states (Cembrowski and 
Spruston, 2019; Cembrowski et al., 2016, 2018; González-Burgos et al., 2019; 
Stanley et al., 2019). Do distinct pyramidal cell subtypes display a differential usage 




cells exist across cortical layers and/or brain regions? Gene expression analysis 
of Nrg1 and Nrg3 by in situ hybridization or RNA-seq in combination with genetic 
labelling strategies to identify specific subtypes of pyramidal cells will undoubtedly 
shed light onto this question. This potential mechanism could explain differences 
underlying the differential, selective wiring of pyramidal cell subtypes (Lee et al., 
2014; Ye et al., 2015). Second, neuregulins are also expressed by some 
populations of interneurons (Rahman et al., 2018; Sun et al., 2016). For example, 
VIP+ cells are important circuit elements for the control of network activity through 
disinhibitory mechanisms of pyramidal cells (Pi et al., 2013), and ErbB4 deletion 
from VIP+ cells leads to dramatic changes in cortical network activity and sensory 
perception (Batista-Brito et al., 2017). However, the specific synaptic alterations 
that may exist in this mouse model are unknown. Therefore, uncovering whether 
and how the synaptic communication between interneuron cell types requires 
neuregulin/ErbB4 signalling will be an important question to solve. In this scenario, 
would the same pre- and postsynaptic rules governing neureuglin/ErbB4 
interactions between pyramidal cells and interneurons described here apply to 
interneuron-selective circuits? Overall, the mechanistic examination of neureuglin 
function in the cortex is only beginning to be revealed, and detailed studies of the 
spatial logic of neuregulin expression in subtypes of cortical neurons will pave the 
path for future investigations. 
 
1.5. Impact of neuregulin function in cortical activity and behaviour 
 
This thesis work uncovers a remarkable selectivity in the subcellular distribution of 
Nrg1 and Nrg3 that specifies their segregated roles in the synaptic assembly of 
pyramidal cells. Our work raises multiple questions regarding the physiological role 
of such molecular specificity for circuit performance. Synapses formed by CCK+ 
interneurons undergo depolarisation-induced suppression of inhibition (DSI) 
through a mechanism mediated by presynaptic CB1R, and this form of short-term 
plasticity exhibits layer and postsynaptic target specificity (Bodor et al., 2005; Hill 
et al., 2007; Lee et al., 2010b; Wilson et al., 2001). In agreement, we observed that 
CB1R-expressing somatic terminals preferentially target L2 pyramidal cells over 
L3 pyramidal cells (Figure 16). In addition, recent efforts in the phenotypic 
characterisation of transcriptomic cell types in the mouse cerebral cortex have 




anatomical locations for CCK+ interneurons (Scala et al., 2020). It is tempting to 
hypothesise that CCK+ interneurons exert their inhibitory control of cortical circuits 
in a cell type-specific fashion. In this context, our initial observations showed that 
Nrg1 is expressed at variable levels by different pyramidal cell subtypes (Figure 
12), which raises the possibility that Nrg1 could act as a molecular cue instructing 
the selective connectivity of CCK+ interneurons with different postsynaptic targets, 
thereby guiding circuit specificity. Retrograde labelling of target-specific pyramidal 
cell populations could help to elucidate the patterns of Nrg1 expression in, for 
instance, intratelencephalic neurons that project to associational cortices as well 
as pyramidal tract neurons that send long-descending projections to motor 
structures in the brainstem and spinal cord (Economo et al., 2018; Klingler et al., 
2019). Further, electrophysiological recordings in brain slices could be used to 
assess whether Nrg1 function in circuit assembly might impact CB1R-mediated 
modulation of specific projection neurons, and therefore the plasticity of cortical 
networks relevant for different computations. Specifically, if Nrg1 deletion in 
pyramidal cells results in impaired DSI of specific cell types, endocannabinoid-
dependent cortical activity and related behaviours could be affected. Notably, 
mouse models for Nrg1 haploinsufficiency display sensorimotor gating deficits and 
stress-related disorders (Boucher et al., 2007; Chohan et al., 2014; Clarke et al., 
2017), which underscores the relevance of Nrg1 function in a range of behaviours. 
In addition, endocannabinoid system dysregulation has been reported in the brain 
of heterozygous Nrg1 mice (Clarke et al., 2017). As it has been recently shown 
that CCK+ cells play an important role in memory retrieval and represent an 
abundant interneuron population in the prefrontal cortex (Nguyen et al., 2020; 
Whissell et al., 2015), it will be important to explore working memory-related, 
prefrontal-dependent behaviours in Nrg1 icKO mice. 
The activity of cortical neurons faithfully represents the temporal features 
of sensory stimuli (Harris and Mrsic-Flogel, 2013). The temporal resolution of 
neuronal integration depends on the time window within which excitatory inputs 
summate to reach the threshold for spiking activity (Buzsáki, 2010; Buzsáky and 
Tingley, 2018; Lien and Scanziani, 2013; Pouille and Scanziani, 2001). Feed-
forward inhibition enables cortical neurons to report tactile information in the 
somatosensory cortex with highly accurate temporal fidelity (Gabernet et al., 2005), 
and excitatory synapses formed onto PV+ fast-spiking interneurons control their 
participation in feed-forward inhibitory pathways (Atallah et al., 2012; Polepalli et 




temporal contrast are present in L4 and L2/3 in the form of thalamocortical and 
intracortical projections (Atallah et al., 2012; Bagnall et al., 2011; Gabernet et al., 
2005; Xue et al., 2014). In addition, PV+ interneurons, which are known to enforce 
strong somatic inhibition onto pyramidal cells, are recruited by the network to 
rapidly balance excitation with inhibition, thereby generating rhythmic activity 
(Atallah and Scanziani, 2009; English et al., 2017; Klausberger et al., 2003; Stark 
et al., 2014). As a result, high-frequency, gamma oscillations can be modulated by 
engaging the spiking activity of PV+ interneurons (Cardin et al., 2009; Sohal et al., 
2009). The physiological relevance of Nrg3 function has been previously studied 
in the context of hippocampal rhythmic activity and hippocampus-related 
behaviours (Müller et al., 2018). Mice lacking Nrg3 display lower gamma activity, 
and show altered memory performance (Müller et al., 2018; Wang et al., 2018b). 
In the future, it will be important to examine how the excitatory synapse loss found 
in Nrg3 icKO mice may impact the temporal fidelity of pyramidal cells in cortical 
circuits. If feed-forward inhibition is altered, one could expect a distortion in the 
precise coincidence detection of sensory stimuli that govern somatosensory 
perception. Electrophysiological recordings coupled with stimulation of thalamic 
and cortical pathways could be used to study the temporal accuracy with which 
circuits convey sensory information when PV+ interneurons are presumably less 
engaged by the neuronal network as a result of reduced excitatory synaptogenesis 
in these cells. Furthermore, sensory discrimination tasks in mice would provide an 
experimental paradigm to investigate the functional consequences of excitatory 
synaptic deficit of PV+ interneurons in somatosensory integration and perceptual 
learning (Chen et al., 2020; Drapeau et al., 2018; Goel et al., 2018). In conclusion, 
future work should aim to investigate the impact of the specific synaptic deficits 
observed in Nrg1 and Nrg3 icKO mice in sensory, social, and cognitive function. 
The efforts addressing these questions will shed light on our understanding of the 







2. Sorting mechanisms of synaptic proteins 
 
The establishment of cortical circuits entails the formation of precise connections 
between defined population of neurons, where the specificity seems to depend on 
the recruitment of pre- and postsynaptic partners to different synaptic connections. 
To date, the underlying mechanisms mediating the sorting of cell-surface 
molecules to subcellular compartments in neurons of the cerebral cortex remain 
largely unknown. Here, we provide multiple lines of evidence that suggest an 
intrinsic genetic mechanism for subcellular sorting of family-related synaptic 
proteins in cortical pyramidal cells. 
 
2.1. Cytoplasmic tails function in neuregulin subcellular sorting 
 
We have shown that mutant Nrg1 or Nrg3 proteins lacking the whole intracellular, 
C-terminal domain lose their characteristic subcellular segregation. This finding 
indicates that the C-terminal domain is necessary for subcellular sorting, and 
suggests that specific amino acid sequences or motifs potentially mediate this 
sorting. Encouragingly, when we swapped the C-terminal domain of Nrg1 or Nrg3 
by the corresponding homologous domain of the other gene, we found that the 
resulting chimeric proteins were relocated, at least to a large extent, to the 
alternative subcellular compartment. This partial rerouting of the chimeric 
constructs is due to lower intensity levels of the detected protein, as visualized by 
immunofluorescence, which could be explained by two possibilities. First, although 
little is known about the physiological roles of neuregulin intracellular domains, it is 
conceivable that distinct subdomains play various roles in the final allocation of the 
protein (e.g., processing, trafficking, or stability at the membrane). For instance, in 
the case of Nrg1, particular amino acid residues in the juxtamembrane region, 
downstream of the transmembrane domain, have been shown to be important for 
processing of the precursor form of the proteins by regulating the proteolytic 
cleavage of the ectodomain (Hartmann et al., 2015; Parra et al., 2015). If C-
terminal domains of Nrg1 and Nrg3 contained several instructive amino acid 
sequences, swapping the entire domain could not only be affecting the subcellular 
distribution, as observed in the relocation phenotype of the chimeric proteins, but 




C-terminal domains of neuregulins constitute a large portion of the entire protein 
(360 and 382 amino acids, respectively) and the degree of homology between 
Nrg1 and Nrg3 intracellular domains at the amino acid level is relatively low, 
conformational changes in the tertiary and/or quaternary structure of the chimeric 
proteins could account for a lower expression and/or synaptic targeting. Consistent 
with this idea, structural changes in the cytoplasmic domain affecting protein 
expression and/or trafficking to the cell surface have been previously reported in 
other transmembrane proteins (Comoletti et al., 2004), as well as in other chimeric 
protein experiments (Gu et al., 2003; Rivera et al., 2003, 2005). Importantly, EGF-
like domain swapping experiments did not change the subcellular localisation or 
synapse targeting of the chimeric proteins, suggesting that the sorting motifs are 
not encoded in extracellular domains, and reinforcing the idea that cytoplasmic, 
intracellular domains are responsible for the observed sorting. 
Our data reveal a role for the C-terminal domain of neuregulins in 
subcellular sorting (Figure 42). This is consistent with previous publications 
studying the function of intracellular domains in other transmembrane proteins, 
such as NgCAM, L1CAM, Nlgn1, and VAMP2 (Rosales et al., 2005; Sampo et al., 
2003; Wisco et al., 2003). The involvement of the C-terminal domain has also been 
shown for polarized ion channels and neurotransmitter receptors, including sodium 
channels, voltage-gated potassium channels, and AMPA glutamate receptors 
(Garrido et al., 2001; Gu et al., 2003; Matsuda et al., 2008). Thus, our work 
expands upon these efforts by uncovering the intracellular domain-dependent 
functions of neuregulins in specific compartments of pyramidal cells. 
Protein trafficking represents a crucial event in establishing the subcellular 
organisation of molecular machineries in neurons, a process that ultimately 
influences neuronal differentiation and function (Ribeiro et al., 2019). Proteins are 
synthesised in the rough endoplasmic reticulum, modified through the Golgi 
apparatus, and packaged into carrier vesicles for their transport to the plasma 
membrane. Type I transmembrane proteins travel through distinct cytoplasmic 
organelles in an inside-out manner, meaning that the C-terminal tails are facing the 
cytoplasm and the N-terminal tails are within the lumen of the organelles. In this 
trafficking pathway, the trans-Golgi network (TGN) plays a crucial role in sorting 
transmembrane proteins into distinct pools of vesicles defined by their final fate: 
somatodendritic vesicles and axonal vesicles (Bentley and Banker, 2016; Burack 
et al., 2000; Guardia et al., 2018; Gumy and Hoogenraad, 2018; Robinson and 




protein-protein interactions as specific subunits of clathrin-associated adaptor 
proteins (APs) recognize particular sorting motifs in the amino acid sequence of 
transmembrane proteins, as revealed by crystallography and site-directed 
mutagenesis studies (Mardones et al., 2013; Mattera et al., 2011; Ren et al., 2013), 
and, as a result, polarized proteins are loaded into the proper trafficking vesicles 
(Li et al., 2016). 
In the light of these mechanisms for selective trafficking, what are the 
sorting signals in somatic Nrg1 and axonal Nrg3 proteins? What is the intracellular 
machinery that recognises these signals to target both neureuglin members to the 
correct subcellular destination? In invertebrates and mammals, the specificity of 
somatodendritic versus axonal sorting is mediated by the differential binding 
efficiencies of different AP members to specific amino acid motifs (Bonifacino, 
2014; Guardia et al., 2018). For instance, tyrosine-based signals (YXXΦ) in the 
cytoplasmic tails of various transmembrane proteins mediate somatodendritic 
sorting by interaction with AP-1 (Farías et al., 2012), and preferential binding of 
AP-3  with dileucine motifs ([D/E]XXX[L/I]) within the cytoplasmic domain direct the 
sorting of proteins into vesicle pools that are targeted to axons (Li et al., 2016). 
Figure 42 | Model of C-terminal domain-dependent subcellular localisation of Nrg1 
and Nrg3 in cortical pyramidal cells, and hypothesis for a molecular mechanism 
underlying neuregulin protein sorting. 
(A) Distinct subcellular distribution of Nrg1 and Nrg3 in cortical pyramidal cell bodies: 
somatic compartment (blue-coloured square) and axon terminals (orange-coloured 
square), respectively. (B) Representation of a differential sorting of Nrg1 and Nrg3 to 
inhibitory and excitatory synapses, respectively, guided by their C-terminal domain. (C) 
Proposed model of a hypothetical sorting of neuregulins at the Trans-Golgi network by 
the specific loading into somatodendritic and axonal vesicles through the interaction with 




Interestingly, tyrosine-based and dileucine-based motifs are found in the C-
terminal domains of Nrg1 and Nrg3, respectively (Figure 43). This raises the 
question whether these distinct amino acid motifs in the cytoplasmic tails of Nrg1 
and Nrg3 play a role in a differential binding with AP-1 and AP-3, respectively, at 
the TGN to determine the specific loading of neuregulins into somatic and axonal 
vesicles. Is a tyrosine-based motif in Nrg1 C-terminal domain responsible for 
differential binding to AP-1 and, consequently, does it instruct somatic targeting? 
Does a dileucine-based motif in Nrg3 C-terminal domain preferentially binds to AP-
3 to guide axonal sorting? To address this hypothetical model, we performed some 
initial experiments specifically introducing mutations in tyrosine- and dileucine-
based motifs of Nrg1 and Nrg3, as well as swapping these amino acid motifs 
between both genes, and electroporating the mutation constructs into cortical 
pyramidal cells in vivo. Preliminary observations from these experiments show that 
modifications of the candidate motifs do not seem to alter the nature of Nrg1 and 
Nrg3 targeting to somatic and axonal compartment, respectively (Figure 44). 
However, these manipulations apparently lower the amount of Nrg1 and Nrg3 
protein that reaches the cell surface, raising questions about protein synthesis, 
stability and/or degradation due to conformational or structural changes (Figure 
44). Alternatively, we cannot rule out the possibility that subcellular sorting is 
dependent on multiple amino acid motifs, which could explain why modifications in 
a single motif do not noticeably relocate Nrg1 and/or Nrg3 proteins to different 
subcellular compartments within pyramidal cell bodies. 
Noteworthy, a fascinating, but puzzling finding in our study is the striking 
restriction of Nrg1 to the perisomatic region, as opposed to a wider somatodendritic 
distribution. There could be additional motifs in the Nrg1 sequence that 
Figure 43 | Conserved amino acid sequences related to subcellular sorting in the C-
terminal domains of Nrg1 and Nrg3. 
Protein sequence analysis of the C-terminal domain of Nrg1 and Nrg3 identifies tyrosine-
and dileucine-based amino acid motifs, respectively, as candidate for subcellular sorting 






coordinately participate in this peculiar sorting to confine the protein to pyramidal 
cell somas, although the nature of such motifs remains to be discovered. A 
potential candidate is the N-terminal region of Nrg1 containing the cysteine-rich 
domain (CRD), which is also located in the cytoplasmic space due to the stretch of 
hydrophobic amino acids that conforms a second transmembrane domain to 
Figure 44 | Preliminary 
study of the effect of 
mutations in 
candidate sorting 
motifs in the 
subcellular 
localisation of Nrg1 
and Nrg3. 
(A) Plasmids encoding 
for mutant neuregulin 
proteins in amino acid 
motifs of the C-terminal 
domains. (B-D) Coronal 
sections of the cerebral 
cortex of mice 
electroporated with the 
plasmids in shown (A). 
Subcellular distribution 
of: wild-type neuregulin 
proteins (B), Nrg1 and 
Nrg3 with mutations in 
the tyrosine- and 
dileucine-based motifs, 
respectively, within their 
cytoplasmic domains 
(C), and Nrg1 and Nrg3 
chimeric proteins where 
the candidate amino 
acid motifs where 





anchor the mature protein to the membrane (Wang et al., 2001). Regarding axonal 
sorting, previous studies have documented that axonal proteins can reach the 
axonal compartment via multiple, alternative pathways (Sampo et al., 2003; Wisco 
et al., 2003; Yap et al., 2008). This raises the question whether the C-terminal 
domain-dependent mechanism of Nrg3 axonal sorting presented here is exclusive 
or if alternative mechanisms may exist. 
Taken together, our structure-function analysis of neuregulins uncover an 
essential role for the C-terminal domain in subcellular sorting (Figures 33-39). 
Nonetheless, clearly elucidating the mechanisms underlying Nrg1 and Nrg3 spatial 
segregation in cortical pyramidal cells will require further investigations, especially 
since our initial attempts did not yield conclusive findings on the specific recognition 
signals driving this process (Figure 44). One could envision systematically 
examining the role of other amino acid motifs as well as interacting partners, in the 
sorting and binding of neuregulins, although this will be technically challenging. 
Thus, much remains to be understood concerning the molecular mechanisms that 
regulate synaptic protein subcellular organisation in the mammalian cerebral 
cortex. 
 
2.2. Role of subcellular sorting in cortical circuit development 
 
Studying how the diversity of sorting mechanisms regulates trafficking of synaptic 
proteins to date has mostly been examined in invertebrates or in vitro systems (Li 
et al., 2016). Our study constitutes, to our knowledge, the first evidence coupling 
subcellular sorting mechanisms dependent on C-terminal domains to a family of 
cell adhesion molecules in the cerebral cortex, suggesting a fundamental role for 
subcellular sorting in the assembly of cortical circuits (Figure 41-42). By altering 
the localisations of neuregulin proteins through protein domain manipulations, we 
gained insight into how subcellular sorting influences afferent/efferent connectivity 
of pyramidal cells during postnatal development. In particular, remarkably, the sole 
replacement of the C-terminal domain of Nrg3 by the homologous domain of Nrg1 
was sufficient to target this chimeric protein to the somatic compartment and drive 
synaptogenic signaling of inhibitory presynaptic inputs from CCK+ cells. In 
addition, overexpression of EGF-like domain swapping neuregulin constructs 




comparable values to wild-type neuregulin overexpression conditions, 
demonstrating a direct link between neuregulin subcellular sorting and 
compartment-specific synaptogenesis. 
While our experiments shown here focused on systematic manipulations of 
neuregulin domains, an alternative approach to understanding the role of 
subcellular sorting within cortical circuits could involve individual and/or 
combinatorial knock-down of the molecular machinery responsible for sorting. For 
instance, given AP-3 specific function in axonal sorting (Li et al., 2016), will 
conditional removal of AP-3 in pyramidal cells affect Nrg3 axonal transport and 
thus excitatory synaptogenesis in axon terminals? Encouragingly, this strategy has 
been proven valid in the study of endocytic system-dependent mechanism (Ribeiro 
et al., 2019; Savas et al., 2015). However, one could also argue that deletion of 
subcellular trafficking organisers could dampen clear conclusions about their 
specific functions in subcellular sorting of cell-adhesion molecules since this 
approach might likely also compromise more generally neuronal differentiation and 
diverse synaptic functions. Further investigation of these questions will 
undoubtedly help to elucidate the relationship between subcellular sorting of cell-
adhesion proteins and synaptic integration of neuronal cell types into cortical 
circuits. 
 
2.3. Convergence or divergence of trafficking pathways in neuronal 
cell types? 
 
Our work uncovers a physiological function for the cytoplasmic tails of neuregulins 
in subcellular sorting as well as the molecular mechanism underlying such process. 
These findings raise a number of questions regarding the generalization of this 
mechanism. Is this sorting mechanism evolutionary conserved? Interestingly, 
some amino acid motifs with high homology of somatodendritic and axonal sorting 
sequences are evolutionary conserved across species (Figure 43), which suggests 
the intriguing possibility that the evolutionary acquisition of these sequence 
determinants could have played a role in segregating neuregulin functions to 
different synapses. How evolution has sculpted the assembly and connectivity of 
the mammalian brain remains a major question in neuroscience (Fishell and 




Whether the reported subcellular distributions and functions for Nrg1 and 
Nrg3 are conserved in distinct cell types and across brain regions remains a 
question that will require future investigation. Interestingly, expression of Nrg1 in 
motor neurons has been described in terminal axons, where it regulates surface 
targeting of nicotinic acetylcholine receptors (Hancock et al., 2008). This 
differential subcellular localisation of Nrg1 in central and peripheral axons might 
suggest a mechanism whereby its unique interaction with cell type-specific 
molecular repertoires provides an additional level of control to instruct the required 
subcellular sorting in different neuronal circuits. Neuregulins are also expressed by 
certain interneuron cell types in the cortex (Grieco et al., 2020; Rahman et al., 
2018). What other functions Nrg1 and Nrg3 perform in different synaptic 
connections (e.g., in interneuron-selective interneurons) (Pfeffer et al., 2013), and 
how these might be mechanistically regulated, are other considerable questions 
that will require further attention. In this context, future experiments on the function 
of neuregulins in interneurons will certainly benefit from using cell type-specific 
approaches as shown in this work, and it will be very interesting to ascertain 
whether the sorting mechanisms identified in pyramidal cells is shared by 
GABAergic interneurons. 
Several recent studies, described in the introduction, have shown the 
restricted subcellular distribution of cell adhesion molecules. Especially, this has 
been well-documented in hippocampal pyramidal cells, where NGL-2, GPR158, 
and two members of the latrophilin family, Lphn2 and Lphn3, are selectively 
targeted to different dendritic fragments (Condomitti et al., 2018; DeNardo et al., 
2012; Sando et al., 2019). Are these subcellular distributions controlled by intrinsic 
determinants in the C-terminal domains of the proteins? And, are the underlying 
mechanisms dependent on the interactive network of AP proteins at the TGN? 
Future efforts in solving these questions will determine whether this is a general, 
conserved sorting mechanism, and will provide invaluable insights on the 
molecular regulation of cortical circuit assembly. Importantly, in silico surveys of 
amino acid motif sequences present in synaptic cell-surface proteins have been 
proven very informative to guide candidate-based approaches for future 
experimentation (Li et al., 2016). 
Based on our observations and experimental approach, protein sorting acts 
as an important mechanism for neuregulin subcellular distribution. However, a 
deep RNA-sequencing study discovered the abundant presence of RNA molecules 




compartment (Cajigas et al., 2012); interestingly, Nrg3 is found in this catalogue. 
This raises the exciting question whether Nrg3 mRNA is locally translated in 
cortical axons. Given the importance of local translation in supporting synaptic 
function and plasticity (Biever et al., 2019), an intriguing possibility is that pyramidal 
cells might use two alternative mechanisms for the localized expression pattern of 
Nrg3 in axon terminals. From a speculative perspective, the combination of RNA 
and protein sorting could act in a cooperative, temporally coordinated manner to 
support a common goal: synaptic assembly. During cortical development, protein-
based sorting might efficiently provide abundant amount of Nrg3 protein to support 
synapse formation, while in adult stages, RNA sorting could represent an 
alternative mechanism for storing an mRNA reservoir of Nrg3 that may be rapidly 
accessible by the local translation machinery for synapse plasticity. A temporally 
regulated, activity-dependent mechanism has been similarly proposed for the 
concerted synaptic function of neuregulins (Müller et al., 2018), although none of 
these proposed mechanisms have been experimentally tested yet. New methods 
for direct visualization and analysis of ribosome-associated RNAs and newly 
synthesized proteins in situ (Alvarez-Castelao et al., 2019; tom Dieck et al., 2015; 
Sanz et al., 2009, 2019), combined with cell type-specific studies of temporal 
dynamics of gene expression, will be necessary to address these fascinating 
questions. 
Our work highlights the relevance of subcellular sorting and compartment-
specific targeting of synaptic proteins in the assembly of cortical circuits, a process 
that has escaped our attention thus far. Beyond cell type-specific control of 
expression patterns, it becomes now manifest the importance of elucidating the 
subcellular distribution of cell surface molecules, and underlying molecular 
mechanisms, to understanding synaptic connectivity of cell types in the cerebral 






3. Implications for understanding of connectivity 
dysfunction in schizophrenia 
 
The Nrg/ErbB4 signaling pathway has been associated with neuropsychiatric 
disorders as intensive genetic study over the last two decades has been 
undertaken to dissect the nature of these complex conditions. Through genome-
wide association studies (GWAS) and structural variation studies, robust and 
replicable findings have reported a set of large-scale deletions or duplications of 
genomic regions (termed copy number variations, CNVs), single nucleotide 
variants present in high frequency in the population (referred to as single 
nucleotide polymorphisms, SNPs), and rare single-point mutations mapping to the 
NRG1, NRG3 and ERBB4 loci of patients with schizophrenia and intellectual 
disability (Kasnauskiene et al., 2013; Mei and Nave, 2014; Norton et al., 2006a; 
Walsh et al., 2008). Therefore, it was initially thought that the Nrg/ErbB4 pathway 
may constitute a genetic hub in mental disorders (Harrison and Law, 2006; Norton 
et al., 2006b). 
Schizophrenia is a disabling and chronic psychiatric disorder that causes 
enormous personal and societal burdens, and affects about one per cent of the 
world's population (Collins et al., 2011). Although a basic understanding of the 
pathophysiology of schizophrenia is proving elusive, and therefore the lack of 
diagnostic and curative strategies for this condition, the hypothesis that 
schizophrenia could be viewed as a neurodevelopmental disorder has gained 
considerable attention recently (Insel, 2010; Marín, 2016; Murray and Lewis, 1988; 
Weinberger, 1987). Early disturbances during embryonic and postnatal brain 
development impact the normal course for the formation and maturation of cortical 
circuits, and the intervention at defined sensitive temporal windows (also called 
critical periods) has been proposed to be key to alter the progression to disease 
and even restore network and cognitive dysfunction (Millan et al., 2016; Mukherjee 
et al., 2019). It has also been suggested that schizophrenia, rather than being a 
discrete psychiatric disorder, lies on an etiological and neurodevelopmental 
continuum, and a complex network of gene-environment interactions is thought to 
underlie the susceptibility and onset of the disorder (Owen and O’Donovan, 2017). 
Thus, the identification of specific circuit alterations that might cause the symptoms 
with different degrees of severity and age of onset that characterise schizophrenia 




greatly impacted our understanding of molecular and cellular processes that are 
closely linked to discrete behavioural abnormalities that resemble schizophrenia-
like phenotypes (Del Pino et al., 2018). After a decade of progress, this approach 
has yielded valuable insights on the pathophysiological roles of genes associated 
with schizophrenia, such as ERBB4, SHANK3, and ZDHHC8 (Del Pino et al., 2013, 
2017; Mukai et al., 2015; Peixoto et al., 2016). 
 
3.1. Synaptic dysfunction in schizophrenia — lessons from mouse 
models 
 
It has been previously reported that genetic mouse models of ErbB4 dysfunction 
show cortical synaptic deficits similar to those seen in schizophrenia patients, and 
strikingly, these mutant mice display schizophrenia-like phenotypes in cognition 
and behaviour (Del Pino et al., 2013, 2017). Interestingly, here we have observed 
synaptic alterations in inhibitory-excitatory circuits in the cerebral cortex of 
neuregulin icKO mice that recapitulate those found in ErbB4 cKO mice. 
On the one hand, Nrg1 icKO mice show the most characteristic synaptic 
alteration seen in schizophrenia patients: reduced density of axo-axonic synapses 
(Rocco et al., 2017; Woo et al., 1998). This synaptic deficit in schizophrenia 
appears to reflect a differential susceptibility of specific classes of axo-axonic 
boutons and their characteristic enzymes (Rocco et al., 2016, 2017). Here, we 
used GAD67 as a general marker to label the most chandelier cell enzymes and 
found a robust, selective decrease in the density of axo-axonic boutons innervating 
pyramidal cells in L2/3 of Nrg1 mutant mice (Fish et al., 2011). Therefore, our 
current findings will benefit from a further and thorough study of how Nrg1 might 
differentially control the development of AIS synapses in specific classes of cortical 
pyramidal cells and/or by distinct subpopulations of chandelier cells (Lu et al., 
2017). Moreover, we found that pyramidal cells in mice lacking Nrg1 receive 
reduced density of CCK+ basket cell synapses in the somatic compartment, a 
synaptic deficit that has also been described in schizophrenia (Eggan et al., 2008; 
Hashimoto et al., 2003). Due to the expression of endocannabinoid receptors in 
their presynaptic boutons, depolarisation-induced suppression of inhibition (DSI) 
plays an essential role in the spiking behaviour of CCK+ basket cells, hence the 




Scanziani, 2006; Trettel and Levine, 2002). Future studies should aim to address 
whether Nrg1 function in the inhibitory assembly of pyramidal cells contributes to 
this form of short-term plasticity, and ultimately, how a dysfunctional CCK+ basket 
cell integration into cortical circuits might be underlying abnormalities in cortical 
network activity in schizophrenia. In addition, studies in schizophrenia patients 
have also reported alterations in the expression levels of GAD67 and vesicular 
GABA transporter (vGAT) in basket cell synapses from PV+ interneurons, although 
no apparent changes in PV+ somatic bouton density have been observed 
(Hoftman et al., 2015; Rocco et al., 2016). Since we did not find deficits in PV+ 
basket synapse numbers, it would be interesting to evaluate whether GAD67 levels 
in these presynaptic boutons are changed after Nrg1 conditional deletion. In this 
regard, electron microscopy-based ultrastructural analysis would help to explore if 
changes in protein levels in these synapses in Nrg1 mutant mice may be related 
to fine anatomical alterations in the presynaptic nano-scale organisation. 
Altogether, the results presented here from neuregulin icKO mouse models appear 
to recapitulate the inhibitory synaptic abnormalities observed in schizophrenia 
patients, supporting the prevalent hypothesis of dysfunction of perisomatic 
inhibition in this neurodevelopmental disorder (Curley and Lewis, 2012; Lewis et 
al., 2011). Another consistent cellular phenotype seen in schizophrenia patients is 
the reduced density of dendritic spines within the dendritic domains of cortical 
pyramidal cells (Glantz and Lewis, 2000; Glausier and Lewis, 2013). Since this 
deficit could result as a compensatory change to the primary deficient inhibitory 
innervation of pyramidal cells, a compelling question that will draw our attention in 
future analyses is whether Nrg1 icKO mice show any alterations in spine density 
in their apical or basal dendrites. 
On the other hand, we have shown that Nrg3 mutant mice are characterised 
by specific synaptic deficits in excitatory drive onto PV+ interneurons, an alteration 
recently associated with schizophrenia. (Chung et al., 2016). Altogether, the 
synaptic phenotypes found in Nrg1 and Nrg3 icKO mice appear to accurately 
match the heterogeneous synaptic deficits observed in schizophrenia patients, and 
thus our data further supports the hypothesis of interneuron dysfunction in this 
neurodevelopmental disorder (Lewis et al., 2005; Marín, 2012). Interestingly, our 
results point out to a striking specificity in the synaptic alterations that characterise 
Nrg1 and Nrg3 icKO mouse models, which represents a compelling evidence that 
certain circuit-level alterations in schizophrenia might be caused by dysfunction of 




compensatory synaptic changes in Nrg1 and Nrg3 mutant mice, these data might 
also suggest that, at least in superficial layers of cortical circuits involved in 
perisomatic inhibitory control of pyramidal neurons, the synaptic connectivity is not 
resilient—not able to adapt—to genetic risk factors associated with schizophrenia. 
Cortical interneurons play fundamental roles in the generation of gamma-
oscillations and the performance of cortical networks as well as sensory and 
cognitive behaviour (Cardin et al., 2009; Kim et al., 2016; Sohal et al., 2009). 
Multiple lines of evidence have shown a strong link between synaptic dysfunction 
in cortical circuits and alterations in oscillatory activity recorded in schizophrenia 
patients (Gonzalez-Burgos and Lewis, 2012; Gonzalez-Burgos et al., 2015; 
Spellman and Gordon, 2015; Uhlhaas and Singer, 2010). Remarkably, conditional 
deletion of ErbB4 from specific cortical interneuron populations causes profound 
defects in oscillatory activity, which resembles the changes observed in 
schizophrenia (Del Pino et al., 2013). Therefore, it will be interesting to investigate 
whether Nrg1 and Nrg3 icKO mice display neural oscillation deficits similar to 
schizophrenia patients, and how they might be related to specific synaptic 
alterations found in cortical circuits of these mutant mice. 
Overall, research on genetic animal models has rapidly transformed our 
ability to interrogate pathophysiological mechanisms that might affect brain 
development (Insel, 2010). In particular, our neuregulin conditional mutant mice 
have highlighted that cell type-specific connectivity dysfunction might constitute an 
underlying abnormality in schizophrenia (Figure 45). In addition, by combining this 
Figure 45 | Cortical synaptic deficits in schizophrenia. 
Schematics illustrating molecular and cellular changes in the connectivity and 






loss-of-function approach with overexpression experiments in vivo, we have been 
able to corroborate that cortical synaptic assembly can be bidirectionally 
modulated by controlling the expression of neuregulins in pyramidal cells. This is 
especially important in the light that some common or structural variations linked 
to neurodevelopmental disorders could result in gain-of-function phenotypes rather 
than being deleterious. Mechanistically, to what extend our insights into the 
subcellular localisation and sorting of neuregulins is linked to disease will require 
further investigation. Undoubtedly, mechanistic and functional examination of 
genes associated with psychiatric disorders is paving the way to a better basic 
understanding of disease pathophysiology as well as brain development (Del Pino 
et al., 2018; Lewis, 2014). 
 
3.2. Genetic susceptibility in neurodevelopmental disorders — 
lessons from psychiatry genomics 
 
Currently, an outstanding challenge in psychiatry research is to map out the 
genomic architecture of psychiatric disorders in order to provide a complete 
catalogue of genetic variations associated with these complex traits. In the last 
decade, the field of human psychiatry genetics has experienced an unprecedented 
rate of growth, leading to fundamental insights into the biological bases of mental 
disorders (Sullivan et al., 2012). In fact, the development of next-generation 
sequencing technologies and bioinformatic tools in the current century has opened 
new avenues to understanding the genetic underpinnings of psychiatric disease. 
Through GWAS and deep exome sequencing studies of large populations—
composed of thousands of patients and healthy controls—common and rare 
genetic variants associated with psychiatric disorders are increasingly and more 
rapidly documented nowadays. As a result, the emerging picture of schizophrenia 
at the genomic level is of a highly polygenic, heritable disorder, with pleiotropic risk 
genetic loci and likely complex networks of protein-protein interactions. Not only 
common alleles of small effect (genetic variations known as SNPs) confer a high 
risk for schizophrenia susceptibility (Pardiñas et al., 2018; Schizophrenia Working 
Group of the Psychiatric Genomics Consortium, 2014), but also this psychiatric 
disease shows an important burden of rare disruptive mutations (Genovese et al., 
2016; Purcell et al., 2014). In addition, de novo mutations and CNVs have been 




et al., 2014). Strikingly, a substantial enrichment of these genetic variations occurs 
in genes encoding for synaptic proteins, particularly pre- and postsynaptic 
signaling complexes characteristic of both inhibitory and excitatory synapses 
(Fromer et al., 2014; Kirov et al., 2012; Pocklington et al., 2015). Thus, consistent 
findings from human psychiatry genetics provide strong support to the idea that 
dysfunction of synapse-related processes are at the core of schizophrenia (Owen 
and O’Donovan, 2017). 
Since the discovery of neuregulins and their cognate receptor ErbB4, 
multiple genetic variations found in schizophrenia patients have mapped out to 
their genomic loci (Kasnauskiene et al., 2013; Mei and Nave, 2014; Norton et al., 
2006a; Walsh et al., 2008). Therefore, the neuregulin/ErbB4 signalling pathway 
represents a good example of how parallel findings in human genomics and 
genetic mouse models have informed each other. This has resulted in fundamental 
insights into the neurodevelopmental roles of these synaptic proteins and how 
genetic variations might affect their function in schizophrenia. Altogether, these 
findings suggest an underlying pathophysiological mechanism linked to cortical 
circuit assembly. 
Of note, psychiatry genomic studies face technical limitations that challenge 
their current potential to reflect on the genome-wide architecture of 
neurodevelopmental disorders (Sullivan et al., 2012). The still limited number of 
patients and control samples, and the variability in the genetic background of 
different populations likely accounts for the still incomplete collection of genetic 
variations associated with schizophrenia. As the sample sizes in these studies is 
expected to increase, the successful characterisation of an increasing body of 
genetic risk factors of schizophrenia will be possible as a consequence of higher 
statistical power to detect association of genetic variants to phenotypes of high 
aetiological complexity. Despite current challenges, the recent revolution of 
psychiatry genomics has yielded hundreds of common and rare alleles for 
schizophrenia susceptibility, which has deepened our knowledge on the genetic 
bases of this disorder. In my opinion, nonetheless, there are two major questions 
regarding the impact of these findings on the biological understanding of circuit 
dysfunction underlying schizophrenia. 
First, will the data from human genetic studies offer novel ways to screen 
and identify proteins with important roles for brain development? Which 
approaches should be developed in parallel to help fostering gene candidate 




dependence on large, annotated databases of gene function that frequently lack 
information at the genome-wide scale due to the fact that the role of many proteins 
remains unexplored. Therefore, relying exclusively on data analysis of genomic 
patterns to infer biological mechanisms underlying the pathophysiology of 
schizophrenia seems an approach that would provide an incomplete 
understanding of this complex condition. Recent efforts to generate well-curated 
databases of synaptic gene functions might help to overcome these limitations 
(Koopmans et al., 2019). Some analytical methods have been developed to 
establish generalised strategies to prioritise gene candidate selection that 
incorporate diverse types of datasets including pathways analysis and protein-
protein interaction networks (Tranchevent et al., 2016). Furthermore, the 
combination of omics strategies could represent a novel tool for the identification 
of potential gene candidates (Hall et al., 2019; Huckins et al., 2019). In this context, 
the development of spatial transcriptomics and human cell atlases promises to 
generate a coherent molecular framework to help approach these questions 
(Codeluppi et al., 2018; Polioudakis et al., 2019; Wang et al., 2018a). 
Second, how feasible is the study of human genetic variation in animal 
models and with current tools? Will we be able to recapitulate and study human 
mutations in animal models? These questions are very relevant if one wants to 
understand the specific effects of genetic variants in physiological functions in 
intact brain circuits (Comoletti et al., 2004; Yi et al., 2016). A variety of novel 
methods developed in the past five years might represent new avenues to address 
these issues: CRISPR-mediated gene editing in vivo, human induced pluripotent 
stem cells (iPSCs), and brain organoids cultured in vitro (Heidenreich and Zhang, 
2016; Marro et al., 2019; Quadrato et al., 2016; Yi et al., 2016; Zhang et al., 2013). 
In conclusion, I believe that the convergence of human genetics and 
developmental neurobiology will have a major impact in our understanding of the 
genetic and molecular bases of neurodevelopmental disorders such as 
schizophrenia. The rapid development of new technological tools in biology, 
engineering, and computation will greatly expand the ability to systematically test 
the function of susceptibility genetic factors in the organisation and dynamic 
remodelling of cortical circuits. If basic understanding of neurodevelopmental 
disorders at the genetic and physiological levels is our primary goal today, our 
future aims must include the use of these insights to identify diagnostic markers, 
prevent and/or delay the development of symptoms, and restore normal cognitive 






















1. Nrg1 and Nrg3 are abundantly expressed in pyramidal cells and interneurons in 
the developing cerebral cortex. 
2. Pyramidal cell-specific deletion of Nrg1 and Nrg3 during postnatal development 
reveals the segregated functions of these proteins in the wiring of cortical circuits. 
3. Nrg1 specifically controls the development of inhibitory boutons that CCK+ 
basket cells and chandelier cells make onto the soma and axon initial segment of 
pyramidal cells, respectively. 
4. Nrg3 selectively regulate the formation of excitatory synapses in pyramidal cell 
axons innervating PV+ interneurons. 
5. Nrg1 and Nrg3 have distinct subcellular distributions in cortical pyramidal cells 
during postnatal development. 
6. Nrg1 is restricted to the perisomatic region of pyramidal cells, and colocalises 
with postsynaptic clusters of inhibitory nature. 
7. Nrg3 is precisely targeted to the presynaptic glutamatergic boutons that 
pyramidal cells make onto cortical PV+ interneurons. 
8. The EGF-like domain of Nrg1 and Nrg3 does not encode the specificity in 
subcellular sorting nor synaptogenic function of these proteins. 
9. The C-terminal domain is essential for the differential subcellular sorting of Nrg1 










Most of the technical work presented in this thesis has been carried out by myself, 
and I have performed all image and data analysis. The bioinformatic analyses 
presented in Figures 12-13 were conducted by myself using online transcriptomic 
databases that are publicly available for data analysis and visualization. I have 
prepared all illustrations, schematics, and drawings, presented in the figures of this 
thesis. Nonetheless, during my PhD work, I have received some technical support 
in order to complete some of the experiments of my project in a time-efficient 
manner. In this section, I clearly state the experiments and graphs shown in this 
Thesis which derive from work carried out by former and current members of the 
lab (Laura Doglio, Catarina Osório, and Clémence Bernard): 
• Staining of Nrg1 and Nrg3 mRNA expression in brain slices via RNAscope 
assay. By Laura Doglio. Corresponding to Figure 11. 
• In utero electroporation of control pSyn-GFP plasmid (four brain samples) 
and pSyn-Nrg3-pSyn-GFP plasmid (six brain samples). By Catarina 
Osório. Corresponding to Figure 22. 
• Tissue samples from control and mutant mice in Figures 13, 14, 23, and 24 
were kindly provided by Clémence Bernard. 
• In utero electroporation of pSyn-Nrg3Ct:Nrg1HA-pSyn-GFP plasmid (four 
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